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PART T




INTRODUCTION

Research in the life sciences typically deals with systems that are
non-lineér, multicomponent, multipurpose and hence multivariate. Non-trivial
interactionsbetween components are the rule. In addition, studies of biological
systems frequently yield large volumes of data, generated at high rates. These
factors, singly and in combination, constitute a formidable challenge to math-
ematical analysis or synthesis; +they largely account for the fact that much of
systems blology has had to content itself with descriptive, phenomenological
statements.

High-speed digital computers and the associated information-processing
technology embody means for realistically coming to grips with some of the
obstacles to a more quantitative, theory-oriented biology. In order for these
computer complexes to be maximally effective, cognizance must be taken of the
special character of research in the biomedical sciences. Such research poses
requirements of size, speed and versatility that can only be met by computers
whose design puté a premium on machine capability and operational flexibility.

One need in biomedical computing, hitherto largely unsatisfied, is basically
for machines and systems capable of processing and manipulating large volumes of
complex data, at speeds compatible with on-going experimentation. The stipula-
tion of "real-time," "on-line" operation derives from the frequent necessity
for immediate feedback between experimenter and data. Computers are thus viewed
as tools in experimentation, not unlike their use in process control. Computers
as laboratory instruments need to be responsive to frequent changes in experi-
mental procedures and to the peculiar input-output requirements that character-

ize much of biomedical research.
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In addition to data processing and analysis, modeling and simulation
of biological systems can be carried out with the aid of computer systems
having the requisite flexibility and power.

Most currently available computer equipment fails to fulfill several of
the diverse requirements of the biomedical ldboratory. Successful design and
development of computer systems geared to the needs of the life scientist can
only evolve from active, day-by-day collaboration of computer technologists
with biomedical investigators. Hence the need for a Center joining computer

technology to research in the biomedical sciences.




. CHRONOLOGY

Relevant Events Leading to the Concept of a New England Center
Tor Computer Technology and Hesearch in the Biomedical Sclences

1953 Time-Gated Amplitude Quantizer for neural signals (K. Putter).
First specialized computing device in CBG-RLE for bioelectric activity.

Farley memo on potential use of computers in neurophysiology and
biomedical work.

Clark and Farley initiated studies of neuron-like networks at
Lincoln Laboratory.

1954 Analog Correlator System for brain potentials (J. S. Barlow and
R. M. Brown). Constructed at RLE in collaboration with Dr. M. A. B.
Brazier's group at Massachusetts General Hospital.

1955 Evoked Response Detector for brain potentials constructed at RLE.
(J. S. Barlow and G. Fahringer).

1956 Special-purpose computing device, Amplitude and Latency Measuring
Instrument with Digital OQutput (ALMIDO), constructed at RLE
TR. L. Koehler).

1957 Design of Average Response Computer (ARC-1) by W. A. Clark at Lincoln
Laboratory.

Studies of patterns in the electroencephalogram with the aid of the
Lincoln Laboratory TX-O computer¥* (jointly by members of DCG and CBG).

Proposal by Papian and Clark (DCG) to put TX-O on MIT campus for use
by CBG.

1958 TX~-0 transferred from Lincoln Laboratory to MIT's Department of
"Electrical Engineering for use in teaching and research.

TX-2 designed and constructed at Lincoln Laboratory under the direction
of W. A. Clark. Design influenced in part by expected use for bio-
logical data processing and simulation of neuron-like networks.

* TX~.0 computer designed and constructed 'in 1955 by Papian, Clark, et al.
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1959 Two-week special Summer Session Program at MIT on Quantitative
Approaches to the Study of Neuroelectric Activity. Under the direc-
tion of W. A. Rosenblith and M. H. Goldstein, Jr. (Department of
Electrical Engineering and CBG). Lectures and demonstrations
presented by members of CEG and DCG.

1960 Discussion of DCG-CBG collaboration in the design of a programmed
stimulus generator resulted in Clark proposal for design and con-
struction of a laboratory-type, general-purpose digital computer.

1961 First demonstration of prototype Laboratory Instrument Computer (LINC)
designed at Lincoln Laboratory by Clark and Lt. C. E. Molnar, Air Force
Cambridge Research Laboratory (formerly with DCG and CBG).

NSF-sponsored Research Training Conference in Computer Techniques for
Biological Scientists (3 weeks ) organized by committee composed of

W. A. Clark, J. B. Dennis (Department of Electrical Engineering),

M. Eden, W. M. Siebert (Department of Electrical Engineering) and

T. T. Sandel, Chairman. Computer chiefly used: TX-O.

1962 2nd NSF-sponsored Research Training Conference in Computer Techniques
for Biological Scientists organized by J. B. Dennis, M. Eden and
T. T. Sandel, Chairman. Computer chiefly used: LINC.
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Events Preceding Formation of Center

During 1961 the management of MIT's Lincoln Laboratory indicated that
in view of its misslion-orientation, major commitments of facilities and per-
sonnel to health science problems were not appropriate. Members of the Digital
Computer Group (DCG) at Lincoln who had been cooperating with the Communications
Blophysics Group (CBG) at MIT's Research Laboratory of Electronics then initiated
efforts to determine whether they could find support for a large-scale effort
within the health science community.

Informal conversations were held with members of the faculty and admin-
istration of MIT and other academic institutions, as well as with administrators
at NIH. In 1959 the National Institutes of Health had formed an Advisory
Committee on Computers in Research (ACCR) to act as a study section and to explore
the usefulness of computers in biology and medicine. As part of ACCR's January
1962 report to the Director of NIH, W. N. Papian (then group leader of the DCG)
prepared an appendix entitled: Model for a Biomedical Computing Center which is
oriented toward Computer Technology. With the aid of this document and one
prepared by M. Eden of MIT's Electrical Engineering Department, W. A. Clark (DCG),
M. Eden, B. G. Farley (DCG), W. N. Papian and T. T. Sandel (DCG) drafted a
"working paper" in July 1962 for a Center for Computer Technology in the Life
Sciences.

This working' paper was submitted for appraisal to Dr. C. H. Townes
(Provost at MIT) who then appointed a committee to report on the possible estab-
lishment of such a Center at MIT. Menbers of the committee were W. A. Clark,

M. Eden, P. Elias (Head, Department of Electrical Engineering), W. N. Papian,

F. 0. Schmitt (MIT Institute Professor), and W. A. Rosenblith (Department of
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Electrical Engineering and Group Leader of CBG). The committee submitted a
favorable report to Dr. Townes in October 1962.

The MIT administration designated W. A. Rosenblith to be responsible
for the preparation of a proposal to NIH for financial support of a LINC
development program and for negotiations with NIH regarding the establishment
of a Centexr for Computer Technology and Research in the Biomedical Sciences.

In February 1963 Dr. Townes invited representatives of a group of New
England institutions to meet to discuss formation of a regional center involving
both computer technology and the biomedical sciences. Subsequent to a meeting
on February 28th, the interested institutions designated representatives to
serve on several committees concerned with the preparation of a proposal to
the National Institutes of Health. The following committees were active during

March and the first half of April, 1963:

1. Institutional relations

2. Scientific advisory and program
3. Facilities and space requirements
Lk, Hospital advisory

5. Training programs

On April 15, 1963, the Proposal was presented to the National Institutes

of Health.




SCOPE OF OPERATIONS

Conceptually, a Regional Center at the interface of computer tech-
nology and the biomedical sciences has two major objectives: (1) it should
serve as a resource of facilities and talent for the participating academic
and research institutions and (2) it should foster programs in computer design
and development coupled to a broad-scale effort of basic research in the life
sciences. The success of the enterprise will be largely predicated on the
extent to which these twin programs -- the technological and the scientific --
complement and enhance one another. These considerations are reflected in the
definition of the primary functions of the Center for Computer Technology and
Research in the Biomedical Sciences, namely:

1. To conduct research in computer technology and to develop
computer systems appropriate to problems in the biological
and medical scilences, and

2. To conduct coherent research programs in those areas of the
biological and medical sciences in which the life scientists

and the computer sclentists involved have overlapping interests.

The implementation of the first function calls for a series of broadly-
conceived projects in such diverse aspects of computer technology as systems
design, programming and logic studies, memory engineering, development of
circuit and fabrication techniques, and materials and components research.
Within the range of biological and medical research activities encompassed by

the second of the above-listed functions, it is contemplated that initial

efforts would emphasize studies of the nervous system. This emphasis is a
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natural outgrowth of the past concern and experience of the Center's initial
staff with the application of gquantitative methods to the study of neuro-
electric phenomena. Other areas of reseafch in the life science would pre-
sumably benefit from the use of computer techniques, especially those problems
that involve real-time processing of large volumes of data, the use of computers
as laboratory instruments, or theoretical formulations not readily amenable to
mathematical analysis.

The Center would operate a number of special computer facilities, even-
tually including a néw large computer system of the TX-2 variety as well as
intermediate-size computers and small laboratory instrument computers such as
LINC. It would also develop and maintain special biological facilities and
equipment essential to the on-going research programs. These facilities would
be designed primarily to serve the needs of the intramural research and develop-
ment programs, but could be made available for appropriate uses in the par-
ticipating institutions.

From its role as a regional resource in an academic setting, the follow-
ing additional functions derive:

3. To provide facilities for faculty affiliates and post-doctoral
fellows.

h, To afford opportunities for research by graduate students
from participating institutions.

5. To conduct training programs for workers in biomedical and
computer research.

6. To carry out advisory functions thaﬁ fall within the scope of
the Center's activities. (The Center's facilities would not
be used for services already provided by existing computation

centers. )
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As soon as practicably feasible, the Center would seek to provide
suitable facilities for faculty affiliates from the participating institutions
as well as for qualified post-doctoral fellows. The latter, comprising both
biomedical investigators and computer scientists, would most likely be
recruited by means of a training fellowship program.

Concomitant with its research and development programs, the Center
would try to carry out a variety of educational and advisory functions in
relevant fields, geared to the needs of participating institutions. Graduate
students would be encouraged to participate in research at the Center, under
the active supervision of their academic sponsors and of Center staff members.
Additional training activities envisaged invlude: short-term traineeships,
intensive workshops, seminars and symposia, special lectures and demonstrations,
as well as the preparation of reports, training films and documents of educa-
tional wvalue.
| As part of the Center's advisory services, staff members with appro-
priate skill and knowledge would make recommendations concerning the disposition
of specific problems brought to them by scientists from participating institu-
tions. For relatively simple  problems, an analytic solution or literature
references might suffice. For problems of sufficient scope and suitability,ﬁ
the inquirer might be invited, at least temporarily, to participate in the
Center's activities:

The role which the Center could play in furthering the progress of
clinical research would have to be considered in the light of the competences
of the Center staff and of interested workers in clinical research. Clinical
research workers with the requisite mathematical sophistication to make effec-

tive use of the proposed facilities are not currently available and few




V

-10-

appropriate problems have as yet been formulated. However, clinical research
is likely to uncover numerous problems requiring high-rate, experiment-oriented
data handling. A Clinical Advisory Committee would be established represent-
ing the medical schools and hospitals in the community, in order to identify

and select appropriate research problems.
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ORGANIZATIONAL STRUCTURE AND COMPOSITION

Staffing

The staff of the Center would be composed of computer technologists
and scientists, applied mathematicians, as well as physical, biological and
medical scientists. It is anticipated that a large proportion of the staff
would have some academic affiliation with one of the participating institutions.
in this manner the New England institutions could take maximum advantage of the
Center as a resource while the Center could maintain effective contact with a
broad spectrum of research and education in the biomedical sciences and
engineering.

The Center's professional staff would divide into the following
categories: (a) scientists and engineers whose institutional attachment would
be to the Center only; (b) scientists and engineers whose major commitment
would be to the Center but who hold appointments such as Lecturers, Research
Associates or Adjunct Professors at the participating institutions; (¢) faculty
members at the participafing institutions with major academic commitments who
consider the Center as their, and their students', research home; (d) faculty
and sfaff menbers of the participating institutions whose primary educational
and research commitpents are outside the Center but who would expect to par-
ticipate in the Center's activities, on a part-time or part-year basis (this
category would be designated Research Affiliates of the Center); (e) fellows
and "trainees" at the post-doctoral level; (f) graduate students from the par-
ticipating institutions who might hold predoctoral fellowships or research

assistantships at the Center.
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Structure
The following organizational structure has been envisioned for

the Center:

MIT
(Host Institution)

Institutional Advisory Board*

Board of Advisors for Science
and Technology¥**

|
!
l
I
|
I
l
!
l
1

Directorate**x
}
— a—— — posuy T— —— —— — I s— —— — — — — —
1 | !
! ] L -
Computer Research Special Rgsear?h .
s ias Biological and
and Technology Facilities . .
Medical Sciences

\ |

Educational and Advisory Functiong¥**¥¥

* Representing the participating New England institutions
' %%  Representing the national scientific and technological community
*¥¥ Including the Center Coordinating Committee

*¥%¥% Aided by a Fellowship Selection Committee and a Clinical Advisory Committee
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Host TInstitution

| As host institution, MIT would assume various management, fiscal and
long-range planning responsibilities consistent with its own resources and the
requirements of the Center. The Center's Directorate would report directly to

the provost of MIT.

Instltutional Advisory Board

To insure the responsiveness of the Center to the needs of the community
and the participating institutions in the New England region, the latter would

designate representatives to serve on an Institutional Advisory Board.

Board of Advisors for Science and Technology

The scientific and teéhnical quality of the Center's programs would be
monitored by a board appointed by the host institution with the advice of the
Institutional Advisory Board. The membership of the Board of Advisors for
Science and Technology would be drawn from the national community of scientists
and engineers whose fields of interest and competence relate to the broad

objectives of the Center.

Directorate

In consultation with the Institutional Advisory Board, the host
institution would appoint the Center's Directorate. The Directorate, acting
with the advice of a Center Coordinating Committee, would have responsibility

for the day-to-day management and operation of the Center.
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SOME CONSIDERATIONS PERTINENT TO REGIONAL RESOURCE CENTERS

The establishment of viable regional resource centers at the interface
of the biomedical and computer sciences is bound to be accompanied by a host of
problems -- some generic to this type of endeavor, others arising from partic-
ular prevailing circumstances. Insight into some of these problems may be pro-
vided by our experiences in trying to create a New England Center for Computer
Technology and Research in the Biomedical Sciences. Bearing in mind the
customary caveats about extrapolations based on a highly specialized set of
conditions, it may nonetheless be pertinent to make some comments about
problems likely to be encountered in establishing other regional resource

centers.

A. Problems of Interdisciplinary Research

In a general sense, the members of any technical community may be
located in a multi-dimensional space some of whose principal axes are:
1) "Pure' research - "Applied" research
2) Theoretical - Experimental

(

(

(3) Physical - Biological

(4) Individual research - Group research
(

5) Research - Development

The neighborhood in this space will determine to a surprising extent
the aspirations, prestige symbols, mode of publication, working habits and
working rules, salary ranges, need for academic affiliation, etc., of the

individuals so located. When, as in our case, the contemplated resource center
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would require the services of groups located in quite different neighborhoods
of the space -- 50 called inter-disciplinary research -- then the differences
listed above become crucially important. As an example, we contrast engineers
(particularly computer engineers) with experimental (non-clinical) biologists
in terms of these variables.

The vast majority of englneers would expect to receive industrial-scale
salaries, currently about 50 percent higher than those of biological scientists
with comparable experience. Engineers are accustomed to working in project
groups in which each member has a fairly specific assignment and a deadline.
Collaboration among biologists is usually informal and the freedom to proceed
as one pleases is jealously guarded. Engineers tend to publish infrequently
and usually limit their documentation to progress reports ana in-house memoranda.
Conversely, biologists are committed to publishing their current findings in
professional journals. The great majority of biologists are faculty members in
an academic institqtion and conduct their research in conjunction with a teach-
ing program while only a minority of engineers have academic affiliation and do
any teaching. A biologist's scientific contribution and the value placed upon
it is judged primarily by other biologists who can build on this contribution;
an engineer's development is evaluated by users who will, in general, not be
engineers and his prestige will depend on the social worth of the fool he has
created.

In an attempt to minimize the effe;ts of these different sets of values,
we were led to the formulation of the following general principles.

First priority must be given to the autonomy of each Center staff member
to pursue his progrém in his own way. The worth of an individual's program

would always be evaluated informally by his professional colleagues and would

be periodically reviewed by the Board of Advisors for Science and Technology.
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However, each investigatqr must feel that he is free to follow where his
curiosity and good sense lead him, so that as long as he remained within
the broad constraints of the Center's programs, he would not be importuned
or his position placed in jeopardy.

Clearly, this essential guarantee would have to be given another inter-
pretation when the invéstigator is part of a group working on some large systems
development. In that case, the group project's requirements would need to be
given priority over the individual's freedom to choose what he wants to do.
Whether decisions are made by an authoritarian group leader, by a democracy of
the workers, or by some intermediate mechanism would depend on the nature of
the specific project and the personalities of the group members. In every
group, the group leader needs to be given responsibility and hence authority
. to make decisions.

The preceding paragraph highlights the essential lack of symmetry
between the technological and the biological parts of the Center. As an exam-
ple, if a "circuits" man were needed, the Associate Director for Computer
Technology could attempt to recruit one, making the specific project assignment
a condition of employment. If the project is one which enjoys high prestige,
he should have relatively little trouble finding a suitable candidate. The
Associate Director for Biology might wish to find a neuro-embryologist. It is
almost inconceivable'that he could induce an established biologist to accept a
job in which the specific direction of his résearch would be prescribed. On
the other hand, if a particular biological group has sufficiently high prestige,
it would in all likelihood be able to find a post-doctoral fellow to undertake
a particular assignment as part of his education. No comparable practice is
found among engineers, regardless of their level of formal training. Except

for those who choose academic appointments, engineers look for permanent
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employment immediately upon graduation and a pool of post-doctoral fellows
is as yet non—existent.‘

Second to the necessity for the individual's autonomy is the need to
protect the integrity of project groups. For example, in the Center at the
outset, there would be a number of people concerned with the explication of
electrical activity in the nervous system and the& could be considered the
nucleus of such a projecf group. On the technological side we could anticipate
certain other project groups -- in circuits, magnetic materials and the like.

It is of great concern to the Center to be able to recruit additional.personnel
who would provide skills lacking in the existing staff. While the size,
facilities, space, etc., of each group would be policy decisions to be deter-
mined by the Center administrative apparatus, the choice of new personnel for
an already existing group should in large measure reflect the judgment of its
present members.

Because of fhe nature of their past professional training, many of the
members of the Center would have little experience in the classical disciplines
of the health sciences, i.e. in bacteriology, biochemistry, physiology, med-
icine and the like. To make its contribution to the health-sciences, the Center
would need to be embedded in a research setting with a rich and continuous
source of biological and medical problems requiring the talents and competences
of Center members in the physical sciences and technology.

In any branch of science or engingering, the individual worker obtains
many of his ideas from discussion with others of similar professional background
and interests. It would be impossible to obtain workers of high quality if their
role were to be exclusively that of service or if they were to work in an
environment in which their scientific specialty were sparsely represented.

There is little experience to be used as a guide in deciding on the appropriate
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size for a resource research center. Existing mathematical and technological
groups associated with biomedical institutions are all considerably smaller

than those of the planned Center. Within a university, size is of lesser
importance because there are departments of mathematics, applied physics,
engineering, biology, physiology, etc., to ameliorate the feeling of professional
isolation. The problem of appropriate size, taken together with the breadth of
the task with respect to the health sciences, suggests that the contemplated
plan for the Center is a lower bound on the size of a resource of the highest

quality.

B. Service Aspects

Since the development of resource centers for the health sciences is a
relatively new undertaking, there exists no clear conception of the forms which
working relations should take between ‘the center and "outside" scientists. At
one extreme, a resource center can be modeled on a service faclility such as a
computation laboratory or an instrumentation shop. In that case the center's
personnel and equipment would be employed primarily in solving problems or
otherwise filling the needs of scientist "customers."

At the other extreme, the model might be a university research labora-
tory in that the center's facilities would be devoted exclusively to problems
of the intra-mural research program. Contact with other scientists would be
maintained on an informal basis but with no obligation to work on problems
brought in from outside.

While for certain specific tasks or in particular localities, resource
centers will be formed with these models in mind, objections can be raised to
the universal applicability of either extreme. ©So far as the service-type

center is concerned there is good reason to believe that professionals of high
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quality and research potential would be unwilling to devote all or even a
major part of their energiles to problems not of their own choosing. The
difficulty encountered in trying to hire the best gualified people is well
known to heads of computer and programming services, instrument development
groups and similar service-oriented facilities.

The research-laboratory model will, in general, make such a center
much more attractive to the appropriate specialists. Consequently, a resource
center -- whatever its substantive character -- will be a repository of skills
and facilities in short supply or perhaps even non-existent elsewhere. Yet
the écientific cormunity at large may have serious need to use such resources
on a variety of problems, not necessarily related to those being studied by
center staff members. To some extent, the very uniqueness of the center's
facilities entails an obligation to consider how the needs of the general
scientific community may be met. Indeed, even if no formal mechanism for deal-
ing with such needs were established, it seems certain that requests to use the
center's facilities would be made informally and pressures applied to indiv-
idual staff members.

. The advisory facility proposed for the Center for Computer Technology
and Research in the Biomedical Sciences was intended to formalize the mode of
interaction between the Center and the scientific community. The goals in mind
were (1) to find a procedure to enable Center staff members to pursue their
research unburdened by onerous service demands and needless incursions on their
time and (2) to provide any scientist with an evaluation of the computational
and instrumental requirements of his particular problem and advice on how to

obtain the necessary assistance.
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To these ends, the Center had planned to establish an Office for
Training and Advisory Services. This Office would maintain a full-time staff
primarily for administration and for preliminary consideration of problems
which would be brought to it. The Office would employ a small number of
programmers to expedite the solution of problems that could be treated by
more-or-less standard computational techniques. To arrange computer time for
such problems, liaison would be maintained with neighboring computation
laboratories.

Some Center staff members would commit a fraction of their time, up to
perhaps 50%, to this Office. Evaluation of incoming problems would in general
be made by these individuals but, as needed, other staff members with appro-
priate competences would be called on for consultation.

The service role is somewhat distasteful to a number of scientists.
However, many physical scientists, engineers and applied mathematicians would
regard participation in such a service as part of their education‘and as an
introduction to an area of the biomedical sciences. Furthermore, in the course
of such consultations, the person being consulted may well become sufficiently
interested in a biological problem to collaborate with its originator. 1In that
event, what started as a mere service function would have led to substantial

collaboration on a life science problem.
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INTERIM REPORT ON THE LINC EVALUATION PROGRAM (LEP)

Introduction

The Laboratory Instrument Computer (LINC) Evaluation Program evolved
out of considerations regarding the type of computing equipment that might
be optimally useful in the biomedical laboratory. Of course, simple utilitarian
aspects are not the only characteristics desirable in such a machine. Other
considerations must also be taken into account in the design of a computer for:
these applications, such as the relative novelty of computer usage in the
biological and medical disciplines and the traditional level of funding for
such research.

A discussion of design criteria will indicate why the LINC evolved in
the form that it did and will further serve to pinpoint the particular features
of the machine that will be under scrutiny in the evaluation program.

Attached to this document as Appendix 1 is a description of the LINC
written by W. A. Clark and C. E. Molnar which contains the following quotation:
"In designing the LINC, the principal underlying objective has
been to maximize the degree of control over the instrument by the

individual researcher. Only in this way, it is felt, can the power
of the computer be usefully employed without compromising scientific
objectives."
This description lists the specific design objectives underlying the LINC
development.
The first of thése objectives refers to the physical and conceptual
scale of the machine. The LINC is intended for laboratory use, whether the
laboratory be a one-man or small group operation; this implies that the

machine should be physically small enough and simple enough to be operated,

administered, programmed and maintained by a single person should that be
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necessary. It is obvious that a stored-program, general-purpose digital
computer cannot be built at a cost comparable to that of a standard biomedical
instrument such as an oscilloscope, though its cost might be held within

the range of an electron microscope. It was therefore decided to make the
cost of the LINC and its operation comparable to that of an electron micro-
scope with appropriate accessories. It was hoped that its relatively small
cost and its simplicity of operation would meke it possible for machine use

to be governed by scientific need instead of fiscal necessity and administra-
tive convenience. This concept of considering the computer as a laboratory
tool stands in marked contrast to the practices of most computer centers.

The second design considération seeks to provide the experimenter with
effective control of the machine from a console which immediately displays
data and results for viewing and photographing. This design feature provides
the experimenter with direct and immediate access to his findings; it seeks
to minimize the interval between the initiation of an experimental'operation
and the acquisition of results.

The third design objective requires that the computer be fast enough
for simple "on line" data processing and logically powerful enough to perform
more complex calculations later if required.

The fourth objective pertains to the flexibility with which LINC may
be integrated into a wide variety of laboratory situations. It should be
capable of receiving‘both analog and digital inputs from such devices as
amplifiers,.timers, transducers, plotters, etc. while minimizing the need
for complex intermediary devices. Implicit in this requirement is the concept
that the LINC should be complete within itself and require none of the peri-

pheral equipment typically associated with digital computers. All too
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frequently the acquisition of a computer sets off a continuing proliferation
of peripheral egquipment.

The next design objective seeks to incorporate features that will facili-
tate training scientists, unfamiliar with digital computers, in the use of
the LINC. This obJjective should not be taken lightly; the rate at which
digital computers will find their way into biomedical laboratories will
depend critically on how well biological scientists understand and are able
to apply computer techniques.

The evaluation progrém will try to ascertain how well the LINC meets
these design objectives and to determine its mechanical and electronic
reliability in prolonged laboratory usage. More generally, the LEP will aim
to assess whether the use of digital computers in the biomedical laboratory

significantly advances the acquisition of knowledge.

Selection of Participants for the LINC Evaluation Program

ired the selection of a scientific advisory
committee chargéd with choosing participants for the LEP; this advisory
committee, which was called the LINC Evaluation Board (LEB), was to monitor
the pfogress of the program and to make a final evaluation. (See Appendix 2
for list of LEB members.) The membership of the LEB was selected with the
aid of administrators in NIH and NASA according to two criteria: (1) Scientific
competence in the major disciplines of the basic health-related and engineering
sciences and (2) equitable geographic distribution.

Following the selection of the LEB, an announcement was placed in the

February 22, 1963 issue of Science (see Appendix 3). At the same time a

similar notice was sent to the chairmen of university Biology and Zoology



departments and to deans of all medical schools. A deadline of 15 March 1963
was specified for receipt of inguiries concerning participation in this
program. A letter (see Appendix M) was sent to the 142 investigators who
made inquiriesl This letter invited submission of a proposal to the LEB
before April 12, 1963. Seventy-one such proposals were received before the
deadline;. a list of these @ersons and the disciplines they represent may

be found in Appendix 5.

On the 19th and 20th of April 1963 the LINC Evaluation Board convened
to select participants in this program. The Board first discussed and defined
criteria for the selection of participants: priority was to be given to
investigators whose basic scientific problems showed little possibility of
solution without the application of computational techniques; proposals that
fell within that category were further examined to determine whether their
needs matched the unique capabilities Qf the LINC.

Every attempt was made to secure a fair representation with respect to
both discipline and geography. An examination of those selected will show
how well these objectives were achieved. Unfortunately no inquiries or
proposals were received from the west central or mountain states, but other-
wise the inquiries and proposals submitted reflect population and institutional
density. Those selected and four alternates were notified by the 22nd of
April 1963 (see Appendix 6).

The LEB next tufned its attention to the program as proposed by the
staff in the Center Development Office (CDO). To the latter it seemed that
the most efficient procedure for providing appropriate background training

would be to have each participant assemble his own machine from prefabricated
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components. During each of two so-called assembly phases, July 1-25

and August 5-30, the participants were to be given lectures on programming,
operation, and maintenance of LINC. They would then proceed to assemble
their own LINC under the guidance of CDO personnel and then begin to write
special programs applicable to their own investigations. This proposed

format was accepted by the LEB.

LINC Development

Before, during and after the deliberations of the LEB, the LINC
development group, under W. A. Clerk, was working day and night to insure
that the LINC components. would be delivered at appropriate dates for use in
the two assembly phases. Those involved in this task included W. A. Clark,
C. E. Molnar, of the Air Force Cambridge Research Laboratory, S. Ornstein,
W. Simon, Mary Allen Wilkes, and M. Stucki with the able assistance of
N. Kinch and the CDO technicians and secretarial staff. InAview of the
small size of this group and the tight schedule, the decision was made to
subcontract for the manufacture of LINC components whenever possible.

The LINC prototype frame was delivered in the middle of June and
immediately subjected to a rigorous testing procedure to ascertain what

modifications might be required on the remaining machines.

Assembly Phases ;

The individuals involved in each of the two assembly phases are listed
in Appendix 6. An initial estimate of the effort necessary for successful

mastery of the material to be presented in each assembly phase showed that
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a minimum work week of 5 1/2 days, each consisting of about 10 working hours4
would be required. The schedule was planned as follows: 1) 8 days of lectures
on the fundamentals of digital computers including programming, logic, and
operating procedures, and 2) 14 days for assembly, maintenance, and operation
with speciasl emphasis on programming applicable to the participants' laboratory
problems. i

This schedule could not be adhered to with the first assembly group.

As shown by the test procedure on the LINC prototype, the number of modifica-
tions required on the main frames resulted in a L-day delay in their delivery.
As things actually transpired, however, this simply called for a reallocation
of time rather than an absolute loss of time. A greater difficulty arose
from the fact that a number of modifications had to be maae on the machines
after their arrival at CDO. As the assembly of the machines progressed,
various difficulties arose which had to be remedied on the spot, resulting

in & "loss" of perhaps four or five days. Thereby, the first assembly group
gained substantial though unplanned trouble-shooting experience.

The second assembly group maintained almost to the day the initially
envisioned schedule. This is not to say that everything went completely
smoothly, but certainly there was not the air of breathlessness that charac-
tefiied the first group with respect to finishing on time. In both cases
the assembled machines were shipped out by ven on schedule (see Appendix 7).

Both assembly grbups seemed to have gained the requisite understanding
of the LINC. Thus, the amount of time assigned to the assembly phase seems
to have been approximately correct.

Appendix 8 contains the teaching materials used in the course. The

tutorial sessions during the early part of each assembly phase were presented
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by Mr. I. Thomae of CDO; Messrs. Molnar, Ornstein, Simon, Clark, and
Miss Wilkes also presented lectures covering special aspects of machine

organization and use.

Continuation of the LINC Evaluation Program

Present plans call for the continuation of this program until March 1965.
Field visits to various laboratories by CDO staff should assist the investi-
gators in LINC usage. Such visits have already been made: Mr. Clark has
been in Miami, at Johns Hopkins University and at Stanford. Mr. Thomae has
visited the University of Wisconsin, Washington University, Johns Hopkins
University and Brown University. All of the remaining laboratories are to
be visited before the first of December.

Two joint meetings of the LEB and participants in the LEP are planned:
the first around May 1964 and the second around March 1965. During these
meetings each participant is to report on the performance of his LINC and
to submit a supporting document covering: 1) his experience with machine
performance and relisbility, 2) adequacy or shortcomings of LINC with respect
to his specific problems and 3) detailed recommendations, if any, for modifi-

cations or changes in machine design.

- The Future of the LINC

The cpntract stated that LINC was to be developed to a level where
manufacture became possible. In the opinion of the designers, LINC has
reached this stage. To make manufacturing possible, comprehensive descrip=-
tion of the machine needs to be disseminated to interested manufacturers and

to this end a meeting is being contemplated within the near future. Because
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of the marked pedagogical value of assembling the machine from prefabricated
components it is hoped that at least one manufacturer will undertake to
provide the components for a LINC in kit form. Such a kit would also have

the additional advantage of a more attractive price.

Fiscal Aspects of the LINC Evgluation Program L//////

In Appendix 9 costs of the LINC program under Contract PH43-63-540
are shown. The cost of each machine is approximately 17% higher than initially
estimated. At least part of this additional cost must be attributed to the
very tight schedule under which this program was undertsken and should not
be reflected in the final cost of the machine if manufactured without com-
parable time pressure. It is worth noting, however, that the cost per machine

still remains comparavle Lo Lhat ol an electiron microscope with accessories.

The nature of the LINC Evaluation Program mekes the foregoing an interim
progress report on a continuing program. Further reports will be forthcoming
particularly following the joint meetings of the LEB and the participants

in the program.
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A Preliminary lescription of the
Loaboratory Instrument Computer

The design of the insirument to be described reflects
some of the experience gained in several years of collabora-
tion by wembers of the Bigital Computer Group of MIT's
Lincoln Laboratory* and the Jommunications Blophysics Grcup
of MI%'s Research Laboratory of Electronies*¥*., The proto-
tvpe ob which the vbresent informal description is based was
puilt at the Lincoln Laboratory with the aid of members of
the Computer & Mathematical 3ciences Laboratory of the Alr
force Unmbridge Reseavrch Laoboratvories. Responsibility for
the further evolution of the LINC ncw resides, under NiE
sponsorsaip***, in the MIT Center Development Office for
Zomputer Technology in the fiomedical Sciences. fThe program
is nov in the finnl development phase, during which a number
of instruments will be made available for evaluotion aad uce
in biowmedical laboratories.

. fiperated with the support of the U.S. Army, Navy, and
Alr ¥oree.

> Supported in part by the U. 5. Army Signal Corps, the
Air F.rece Office of scientific Research, and the Office
of Naval Research; in part by the National Science
undation; and in part by the National Institutes
of Health.

x* tUnder contract Piu3.63-540 with the Division of Research
Facilities an~ Resources of the National Institutes of
flealth, in cooperation with the Bio.Sciences tffice of
the National ferconnvtice and Space Administration.
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INTRODUCTION

There has been a growing recognition in recent years of the value of
digital techniques for controlling apparatus and for handling experimental
data within the laboratory. Several kinds of special-purpose digital devices,
some of them capable of simple fixed calculations, have been developed by
various workers and applied to problems of averaging, correlation, signal
generation, event recording, etc. For the most part, each of these specially-
designed devices is capable of only a narrow range of tasks and lacks the
versatility desirable in a general laboratory tool.

The so-called "general purpose" digital computer is potentially the most
versatile digital device by virtue of its ability to execute complex programs
of internally stored instructions. However, it has been either too large and
inaccessible or too slow for useful work in a laboratory environment. Further-
more, the technical development of the general purpose machine has tended to
emphasize those design features which exploit its ability to solve well-
defined mathematical problems in symbolic terms, with a consequent de-emphasis
of features useful in processing data in less highly stylized and rigid forms.

This deficiency of traditional computer design is particularly apparent
in the context of the biological or medical research program. Here the prob-
lems of achieving adequate operational flexibility, handling large quantities
of data (often in the form of electrical signals) and having to deal with in-
completely developed mathematical procedures all underline the need for more
appropriate computer systems. The LINC is an attempt to satisfy this need.

DESIGN OBJECTIVES

In designing the LINC, the principal underlying objective has been to
maximize the degree of control over the instrument by the individual resear-
cher. Only in this way, it is felt, can the power of the computer be usefully
employed without compromising scientific objectives. In particular, the goal
of the development has been a machine which:

1. 1is small enough in scale so that the individual research
worker or small laboratory group can assume complete
responsibility for all aspects of administration, operation,
programming, and maintenance;

2. provides direct, simple, effective means whereby the
experimenter can control the machine from its console,
with immediate displays of data and results for viewing
or photographing;

3. 1is fast enough for simple data processing "on line"
while the experiment is in progress, and logically
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powerful enough to permit later, more complex calcula-
tions if required;

4. is flexible enough in physical arrangement and elec-
trical characteristics to permit convenient inter-
connection with a variety of other laboratory apparatus,
both analog and digital, such as amplifiers, timers,
transducers, plotters, special digital equipment, etc.,
while minimizing the need for complex intermediating
devices;

5. includes features of design which facilitate the training
of persons unfamiliar with the use of digital computers.

The LINC design represents a reasonable balance among the conflicting require-
ments set by these objectives; the success of the design can be evaluated
only by using the computer in a wide variety of laboratory situations.

DESCRIPTION

The LINC is a small stored-program digital computer which uses transistor
circuitry and a random-access ferrite-core memory. The speed of the computer
is fixed by the length of time required to read information from or store
information into one of the 1024 (expandable to 2048) twelve-bit memory loca-
tions. Most of the LINC's instructions require from one to four memory-cycle
times of eight microseconds each for execution. The instructions available
may be grouped as follows:

1. Arithmetic instructions which perform addition, multiplication,
counting, etec.

2. Logic instructions which perform simple logical manipulations.

3. Data transfer instructions which move information from one
computer location to another.

4, Indexing instructions which provide a convenient means of
referring to tables.

5. Input-output instructions which transfer information to and
from external equipment.

6. Magnetic tape instructions which control various digital
magnetic tape operations.

7. Control instructions that determine which of alternative sets
of instructions are to be executed according to various
criteria.
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The LINC consists of four independent console modules connected (through
easily detachable thirty-foot cables) to a cabinet containing the electronics
and power supply (Fig 1). One console module houses most of the controls used
in operating the computer as well as indicator lights. A second module con-
tains terminals used to connect the LINC to other laboratory equipment. The
remaining two modules house a display oscilloscope and a pair of specially
designed magnetic tape transports which form an integral part of the LINC.

The four console modules are mechanically separate and may be stacked and re-
arranged in any desired configuration. The front panel of each congole module
may be removed from its box and mounted in a standard rack with other labora-
tory equipment (Fig 2).

Programs are initially typed on a simple keyboard, stored directly in the
LINC's core memory and simultaneously displayed on the oscilloscope (Figs 3
and 4). They may be typed either as octal numbers or, aided by a simple assembly
program, in a symbolic form which uses three letter mnemonics to represent in-
structions. Several features which aid in the process of "debugging" programs
are incorporated in the LINC. The computer can be set to stop whenever a
chosen memory location is referred to, or a program may be executed slowly, one
instruction at a time, while its actions are observed by means of the indicator
lights on the control console. Once a program has been written and corrected,
it may be stored on magnetic tape and conveniently retrieved for use at a later
time.

A wide variety of both digital and analog data and control paths for con-
necting the LINC to other laboratory equipment has been provided. There are
sixteen analog input channels connected to an internal analog-to-digital con-
version device which translates an input voltage on any of these channels into
an eight-bit binary number. Up to 25,000 conversions, under control of the
computer program, can be made per second. A simple program will display data
converted in this way on the oscilloscope (Fig 5). Eight of these analog
input channels are normally connected to potentiometers whose knobs can be used
as manual controls or parameter inputs (Fig 6). Two sets of twelve-bit digital
input terminals may be connected to other digital equipment such as counters,
timers, special encoders, or other devices which produce signals representable
in parallel binary form. These digital inputs may be accepted at peak rates
up to about M0,000 twelve-bit numbers per second. Another set of inputs to
the LINC provides a convenient means for the computer to sense external events
and synchronize itself with external equipment.

The principal output of the LINC is the oscilloscope display which may be
viewed directly or photographed (Fig 7 a-f). Displays of programs, data,
results of calculations, etc., can be generated point-by-point in graphical
or symbolic form at rates of 10,000 to 20,000 points per second in typical
programs. Letters or digits are generated and displayed by a special instruc-
tion at a rate of 4000 characters per second. There are two distinct display
channels which may be connected either to the display scope mounted in the
console module or else to remote standard oscilloscopes with special plug-in
units. LINC provides each display scope with a pair of deflection signals
which position the spot with a precision of one part in 256 along each coordin-
ate and an intensification signal to brighten the selected location on the
scope face.
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The magnetic tape system was specially developed to form an integral part
of the LINC system (Fig 8). It can be used to store programs, numerical data,
and results on small reels of 3/h inch wide tape which contain 512 consecutively
numbered blocks, each capable of storing 256 twelve-bit numbers. The tape
moves at approximately LO inches per second in either direction and information
is recorded at a track density of about 500 bits per inch. A block occupies
2 inches of tape and can therefore be scanned in about one-twentieth of a
second, although the time required to start, stop, or reverse a transport is
approximately one-quarter of a second.

A single computer instruction can transfer the contents of 256 core memory
registers to any desired block on either of the two tape transports, or return
the information thus stored to the core memory. The operation of the magnetic
tape units can also be directly controlled from the console thus providing a
convenient way of changing programs (Fig 9).

Output paths from the LINC to other equipment include two channels of
analog output signals which are usually used to operate the oscilloscope display
but which can drive an X-Y plotter or be used for other purposes. These analog
output signals have a precision of one part in 256 and may be changed at peak
rates up to about 60,000 times per second. Parallel digital outputs are avail-
able over one channel which provides up to 40,000 twelve-bit numbers per second.
Two forms of control outputs are available, one of which consists of six sets
of relay contacts operated by the computer, and the other of sixteen digital
output lines which can be pulsed individually by a special computer instruc-
tion. These features make it relatively simple, for example, to install a
typewriter as an auxiliary device.

A box-like design has been used in the console modules to simplify mount-
ing and physical arrangement (Fig 10). Cables are installed from the rear to
connectors on the removable console panels contained within the boxes (Fig 11).

For the most part, the electronic circuits used in the LINC are standard
commercially manufactured units (Fig 12). These are in the form of cards
which plug into a mounting frame held in the electronics cabinet along with
the power supplies. The LINC system requires about one kilowatt of standard
115 volt a.c. power.

EXAMPLES OF APPLICATIONS

It is difficult to give a comprehensive summary of the capability of the
LINC in various applications. The flexibility of a stored program machine
allows one to choose, from among many alternatives, a programming scheme which
efficiently utilizes the resources of the computer. Central storage capacity,
speed of operation, word length, and speed of magnetic tape operation are among
the factors that must be taken into account in selecting a programming scheme.
For any particular problem there is usually no unique "best solution." A des-
cription of a few typical problems which have been considered and tried by
various investigators may give some insight into the range of the LINC's
usefulness.




Averaging of Evoked Electrophysiological Responses -- Presentation of acoustic
stimuli to a cat with implanted electrodes and averaging of cortical and
thalamic responses were performed by the LINC. ' Averaged responses to series
of stimuli as well as information relating to the variability of the respon-
ses were immediately displayed and also automatically stored on the LINC mag-
netic tape for more detailed examination at a later time.

Fourier Analysis -- A program has been written to perform a Fourier analysis
of electron diffraction data from thin metal films and to resynthesize the
original data from its Fourier components for verification of the analysis.
The Fourier components and the resynthesized data are displayed on the
oscilloscope along with the original data. The analysis and resynthesis
carried to 50 harmonics takes about one minute.

Resolving a Sum of Decaying Exponentials -- A problem in compartmental analysis
required a program to resolve a sum of decaying exponential signals into its
individual components. This was done by displaying on the oscilloscope the
logarithm of the waveform being analyzed and fitting a straight line to por-
tions of the resulting curve. With the parameter knobs, the experimenter
adjusted the slope and position of a straight line also displayed on the
oscilloscope to get the best fit to the data. The component thus determined
was subtracted from the original waveform and the process repeated with the
remainder until all of the components were resolved.

Processing of Single-unit Data from the Nervous System -- Programs have been
written to determine, from micro-electrode recordings, the times at which
single neurons fired, and to calculate the distribution of intervals between
successive firings. These programs can also be used to determine the distribu-
tion of firing times following the presentation of a discrete stimulus.

Cursor Program -- An experimental curve stored in the memory of the LINC can
be displayed on the scope along with an adjustable cursor mark. This cursor
designates a desired point on the curve and its location is controlled by a
parameter knob. The amplitude of the point under the cursor is displayed
numerically on the scope.

Arterial Shock Wave Measurements -- A LINC program has been written to make
comparative hydrodynamic measurements in the ventricular cerebro-spinal system
in order to determine the dissipation and attenuation factors in shock waves
attributable to the arterial pulse. The LINC program was designed to work
directly with amplified signals from strain-gauges.

In-phase Triggering of Stimuli from EEG Alpha Wave -- Simple criteria have
been applied to porﬁESns of EEG signals to identify and mark the occurrence of
rhythmic bursts of alpha activity, and to trigger stimuli which are phase-
related to the alpha wave.
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Fig 1 The LINC (Laboratory Instrument Computer) is a small
Stored-program digital computer designed to accept analog as
well as digital inputs directly from experiments, to process
data immedlately, and to provide signals for the control of
experimental equipment. The LINC system comprises five phys-
ically distinct subassemblies which include four console
modules connected by separate cables to a remote cabinet con-
taining the electronics and power supplies. The control
module contains indicator 1lights, pushbuttons, and switches
used in operating the LINC. A second module provides for
display oscllloscopes, while a third module holds two magnetic
tape transports of special design. The last module is pro-
vided with sockets, Jacks, and terminals for interconnecting
the LINC and other laboratory equipment. The photograph shows
the version demonstrated on March 27, 1962, at the M.I.T.
Lincoln Laboratory.




Flg.2 Two LINC console panels mounted in a standard rack with
other laboratory equipment in an arrangement convenient for
simple electrophysiological experiments. The oscilloscope on
the table can substitute for the console module scopes shown
in other figures. The remaining panels are operating in
another part of the room.
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Fig 3 The oscllloscope is a primary means of communication be-
tween LINC and user. A typical instruction manuscript which has
Just been typed on the keyboard is displayed on both scopes.
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Fig 4 Information typed on the keyboard and displayed on the
scope is simultaneously stored in the central memory. From
here it may be transferred to magnetic tape and recovered

whenever desired.




Fig 5 The oscilloscope 1s operated point by point and can dis-

play experimental or calculated curves as well as characters.
Note that the displays on the twc scopes need not be identical.
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Fig 6 The knob is being used to adjust the fit of a straight
line to a curve derived from a signal connected to one of the

LINC's eight analog input channels.
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Fig 7 Displays generated by typical LINC programs. Photo-
graphs were made by a Polaroid camera on the oscilloscope

shown 1n Fig 2 and reversed to improve legibility.




Fig 8 To use the magnetic tape unit, a loaded reel
Is snapped onto the transport and the tape 1is
drawn over a simple open guide to a take-up reel,
Pushbuttons facilitate loading and unloading.

Fig 9 The keyboard can be used to change the values
of experimental parameters or to modify operating
programs, Records of such changes can be stored on
magnetic tape,




Fig 10 The control module being stacked on top of the magnetic
tape module., Cables connecting console panels to the elec-
tronics cabinet are plugged in from the rear.

‘ Fig 11 Rear view of the control module showing cable connectors
on the back of the control panel. Loudspeakers provide aud-
ible indication of computer activity.




Fig 12 Typlcal transis-
tor circuit plug-in
units. About 275 plug-
in units are used in
the LINC.

Fig 13 The electronics
cabinet opened to show
plug-in units and the
power supply. The LINC
system uses about one
kilowatt of standard
115 volt a.c. power,
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Excerpt, Science, 22 February 1963

The National Institutes of Health iavites biomedical scientists
to participate in evaluating the usefuluness of the Laboratory Instrument
Computer (LINC), a small, stored-program digital computer developed at
MIT's Lincoln Laboratory, with the particlpation of tne Alr Force Cambridge
Résearch Laboratories. DParticipants will assist in assewbling a LINC,
and will provide an evaluation after using 1t in their own research
for a year. Deadline for receipt of inguiries: 15 March. (z. T. Sandel,

LINC Evaluation Board, 292 Main St., Cambridge 39, Massachusetts)
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LiWe Evaiuaticn Brard
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The propesed { DNT Evaliuatlorn Fregram eﬂwsista Al two sasan-ia
Fhaasa The {"irat phase is the sssembly phass . r - his prags
a priccfipal wne mas -abmitted a prcprgal and has heav, aselszomead
ty th= LINC Bva aatinn Boand frr parttetpaticr <r the Drog-a
WwiilL be expec~ted vo be present !n Zambprldge, Massachasstiz &

a one merth periad, either 126 July ﬁr 5.20 August 1663
During this per!mﬂ the prinecipal wiil {a}) activery assist ir
the firal assemdly of nis machine, (b} partiripate in “ts8 Final
Leating, and (¢} PQOnive intersive training ir programming,
operationr, and mairtenance procedures reiatad to the LING

while such 2 program may sound formidable, several artepuatirg
constderarions nexd to ba Kept in mird. Firar asagsewbly Is prk
maricy 3 Job of Installing pr2-wirsd clveoult packages irv 2
pre-wired frame ard conrecning the input-ocutput aguipmsne &7
the computer al«ctrenies, {For the reilsvacrt phliogediy, s=4
tha siarement of desigp ot jectivaes in the appsnded informal
dasrription of tre LINC.Y The assembiy aperaticn acqualrts

tr= participant, 3n some ﬂe*dhl, with the jcogioar armrardzatios
and the basic compenents of thn machine, a fact thar sraoul?
mauke maintanarcs ard opepsating procedures simplsr.

Freviens exparisree A twe NSF-sporscred summer w«fyzr*;‘ et

shown tnat prograsming fuardamentais car be e ffectlve y oar
rothe perind ss0 aniie for tree agsemboy prase Tre azsawms o

[ -~ ~ - . - 5 -~ e ST @ a e - ogs ~ A NN Tyt i« T S
Pioteas Yoo pantad af devernss and, heps TRy vews




During the as=cond phase of the LINT Fvaiunation Pregram a LIN7
wili be p.acsd in the pariicipant 's lavaratery, where 1t we,.
be integratesd intn ongeing researchn n whatavepr way the par-

tYcipart T=e’s appropriate

Farricstpants will. of nsourse, remain in ccommarication with *he
LINT group *n “anmbridg e, wrinh will sevrve a8 a ciearing noune
frr ‘nfrrmat on belwesn tha varicus participating groups luring
“he evaiwaticn pericd ™iis intercharge of infermation shousd
ireinge major programs writter for the variecus LINOs, exper-
lence with aspects of apzsrating the LINCs in various ways, anid
particalars of performance during the evaluation pericd. Far.
micipants shouid be prepared tao submit reports ~r decuments

taat tne LUINC Evaluatior Board may require. They shcoulild further
be prepared to receilve field visits by members of the LINC groap
An Jambridge. The puprpose of these vislts will be te assist
with unarticipated probiems and t@ heln in the svaiuaricr. of the
machins.,

o~
(=
£
ris

At the ard of tre evaiuaticn pericd, Final Reports of reassnabls
detatl will re=d tc be submiftecd by alil particripants Yo the
LINS Evalaat’or Board.

In summary, a4 participant in the LINT Evaiuation Fragram shouls
b prepaved foo

1. Yarscralliy participate n fhe finai assembly of
nis azsigned computer (Anciuding training of

LIND programming. cp%rafLCN, and maintarancs
recedures) .

‘ria uﬁﬂer*akirg *nrnux* fuﬁ L*V\ grcup in
Cambradge a~ting as an infomratlicon ~learin
hoilge,

G0 Frewyite tne [IND Fvaluaticr PBoard with reascpabiy
Jergited avaiuat.ive comments, including a Firal
Repnrt av the tarmiratliocn of the Evaivaticon peprind.

The LING Eva“ua*ff“ Brard, whose responsibilitty 4% L8 Lo 3ee f9
an equitatic alirsation cf the maskhines bulilt under thils pra-
gram, Qﬁ?ﬁ& ‘rom e#a:-h peaprndent te this lavter, & progosac
whicn, among ccher things, seis twr b in s~me denaiﬂ the
AXLASLLAR researth programs An Progrscs in tne Labtoratory and
“he contribution whi-n oa LINT might wmake to that work Thase
datailed propezals will nornstituabe the majer scurce of infar-

+

matior an wrhleay the LINO Evziuaticn Bra=d wiii o $4s
tadpmarts
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Noo apecifi=zd form Ls reguired f'rnr the preprsal, bub the
' foilrwipg ‘oformation sheuld be f—;mbf;vj‘,ei inoa >

L. Name an?d address of *ratitut’cn

2. Name ard titie «f principal irvestigatoer,
1.¢., participant

3. A gshort deeeription cof the labcratoary irn which
trhe (IN7T wiil be plared, *rﬂiuﬁing dasgeriptions
~nf facilities and perscnne’

*led description of pregent
rojected reie ¢f ?h& LINC '
R. The appended des ription
ff tne LINT shouid he rcarafulliy read h@fnre
writing the reasearch proepnsais,. The palsevarcs
~r irraiavance of this particular anmputaepr to
your ressarnl needs shnuid be the prime critarion
~f your decisiorn concerning partioipaticon in this
program.

<

. A prefarence for owne of
{1hose whe wish to part
that tnere may be ﬂ'ff‘

if 4t were possible far

. perinds ~pan this fact

h
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j’,n, yr- yr 1n;lv.¢"r~ 11 g ERe AW 1 £ TZ.,
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Proposals Received for Participation in the LINC Evaluation Program

Hame and Degree

Allen, M. B., Ph.D.
Aundree, R. V., Ph.D.
Attinger, E. 0., M.D.
Banghart, F. V., Ed4.D.
Barker, J. N., Ph.D.
Bickford, R. G., M.D.
Blough, D. S., Pa.D.
Boneau, C. A., Ph.D.
.Camﬁbell, S. L., Ph.D.

Chapman, L. ¥., Ph.D.
Coulter, N. A., M.D.

Daniel, R. S., Ph.D.
Domino, E. F., M.D.
Dragsdorf, R. D., Ph.D.
Foshee, D. P., Ph.D.

Gasteiger, I. L., Ph.D.

Gluck, H., Ph.D.

College or Institution and Location

Kaiger Foundation Research Institute
Richmond, Califoruia

University of Oklehoma
Norman, Oklahoma

Presbyterian Hospital in Philadelphia
Philadelphia, Pennsylvania

University of Virginia,
Charlottesville, Virginia

Jefferson Medical College
Philadelphia, Pennsylvania

Mayo Clinic
Rochester, Minnesota

Brown University
Providence, Rhede Island

Duke University
Durhem, North Carolina

Los Angeles State College
Los Angeles, California

UCLA, Institute for Comparative Biology
Zoological Society of San Diego
San Diego, California

The Ohio State University
Columbus, Ohio

University of Missouri

Columbia, Missouri

University of Michigan

Ann Arbor, Michigan

Konsas State University

Manhattan, Kansas

University of Mississippi Medical Center
Jackson, Mississippi

New York State Veterinary College
Cornell University
Itheca, New York

University liospitals of Cleveleand
Cleveland, Ohio

Field of Interest

Biochemistry
Mathematics

Cardiovascular
Physiology

Biostatistics

Biochemistry,
Biophysics

Neurophysiology,
EEG

Psychology

Physiological
Psychology

Psychology
(Learning)

Neurophysiology

Biophysics,
Cardiovascular
Physiology

Neurophysioleogy,
Neurology
Pharmacology
Physics

Neurophysiology

Biophysics
Physiological

Psychology,
Pharmacoclogy



. Hame aud Degree

Gordon, N. B., Ph.D.

deaveman, B., M.D,

Herrustein, R. J., Ph.

legtzler, &, C., Ph.D.

Hdiggians, E. A,, B.S.

‘isaac, W., Pia.D.

Jeffe, J., M.D.

Jordetzky, O., M.D.

Jett, R., M.D.

John, E. R., Ph.D.

Johuson, G. L.
Tores, L. V., Ph.D

Kerveles, L. M., JM.D.

N

College or Institution and Locaticu

~Uu1vrrslty

Yeshive University

New York City, Wew York

Horthwestern University
Chicege, Tllinois

Harversd Medicel Sclicol
Beston, Massachucsetts

Hervard Unive

rsity
Combridge, Mass

achuseivis
University of Michigan
Dearborn, Michigasn

Civil fieromedical Rezearch Inctituts
Cklaloma City, Oklahows

University of Wiscousin
Madison, Wiscousin

Porsyth Penmial Inflrmwary
Bosten, Hassachuraetis

State University of Iows
Iowa City, Zcwa

Emory University
Atlanta, Georgia

Colleze of Phyzicians and Surgeons
Columbia Unlvernluy

New York City, Hew Yoik

Harvard Medical School

Boston, Massachusetis

University of Cincinanati

Cecllege of Medicine

Cincinnati, Chio

Univereity of Rochester
Rochester, New York

The Fastern Peunsylvania Psychistric Inst.
J!

hiladelphis, Peansylvania

University of North Caroline
Chapel i1ill, Nerth Carolina

baMylanu Gehool of kMedicine
Baltimore, Maryloond

Tield of Iuter rest

stc"n clogy
{Motor abiliticon?

Apalytic
Physiology

Neurophysinlogy

Fsychology

{Operant conditioning

Neurcovhysiology

Circulatory
Physiology,
Biochemistry

Feurophysiology
Anthropology
LEG

Physiological
Psychology
Speech Analysi

Ehysicloglcal
Psychology

Biophysics

Rensl Physioclogy

Fhysiclogicel
Pzychology

Physiological
Psychology,
Pharmacology

Psychology
{stotistics)

Cardiovasculsar
Physiology,
Neuronhysiology

0
LN



‘ Name and Degree

‘Lilienfield, L. 5., M.D.

Kawin, B., Ph.D.

Kimbel, P., M.D.

Kittle, C. ¥., M.D.

Koells, W. P., M.D.

Kushner, D. S., M.D.
Latimer, C. N., Fh.D.
Lederberg, J., Ph.D.

Leichner, G. H., Ph.D.

Lilly, J. D., M.D.

Iipton, M. A., M.D.
Lyons, H. A., M.D.

Malindzck, G. S., Ph.D.

MeCandless, J. B., M.D.
Michie, A. J., M.D.
Mirsky, A. T'., Fh.D.

Morrison, N.

)

College or Institution and Location

Veterans Admirnistration Hospital
Fort Howard, Maryland

Albert RBiunstein Medicel Center
Philadelphia, Pennsylvania

University of Kansas Medical Center
Kansas City, Kansas

Worcester Foundation for Experimental
Biology
Shrswsbury, Mosscachusetts

Chicago Medical Schuol
Chicego, Illinols

Iederle Laboratories,
Pearl River, New York

Stanford University School of Medicine
Palo Alto, California

University of Illiunois
Urbsna, Illinois

Georgetown University Medical Center
Washington, D.C.

Communication Research Institute of
St. Thomas

Miami, Florida

University of North Carolina

Chapel Hill, Noxth Caroline

State University of New York

Brooklyn, New Ycrk

Wake Forest College,
The Bowman Gray School of Medicine
Winston-Salem, North Carolina

Inter American University of Puerto Rico

San Ceimian, Puerto Rico

Children's Hospital of Philadelphia
Philadelphis, Penncylvenino

Boston University Scheol of Medicine
Boston, Maassochusetts

Associated Hospital Service of New York
Yew York City, Wew York

Fieid of Interect

Biophysics

Pulmonary &
Cardiovascular
Physiology

Cardiovasculor
Fhysiology

Neurophysiolegy,
Pharmacolegy

Biophysics,
Biochemistyy
Psychopharmacclogy
Genetics
Biophysics

Biophysics

Neurophysiology

Psychiatry,
Heurophysiolegy

Pulmonery
Physiology

Cerdiovascular
Physiolcgy
Biostatistics
Urology
Physiological

Psychology

Statistics



Hame and Degree

Mountcastle, V. B., M.D.
Olds, J., Ph.D.
0'Leary, J. L., M.D.
Perkins, N. L., M.D.

Pinneo, L. R., Ph.D.

Proctor, L. D., M.D.

Randall, J. E., Ph.D.

Reinhardt, W. E., B.S.E.E.

Salisbury, P. F., M.D.

Schwan, H. F., Ph.D.

Seligson, D., M.D.
Shepard, R. B., M.D.
Smith, C. M., M.D.
Stern, J. A., Ph.D.
Van der llelm, D., Ph.D.

Ward, A. A., M.D.

Weiss, B., Ph.D.

=l

College or Institution end Location

Johns Hopkins University
Baltimore, Maryland

University of Michigan
Amm Arbor, Michigen

Washington University
St. Louis, Missouri

Maine Medical Center
Portland, Maine

Tulane University
Delta Regional Primate Research Center
Covington, Louisiana

Edsel B. Ford Institute for Medical
Reseaxrch
Petroit, Michigan

University of Missouri Medical Ceanter
Columbia, Missouri

State University of Iowa College of
Medicine
Iowa City, Iowa

St. Joseph Hospital
Burbauk, Californis

University of Pennsylvania
Moore School of Elecirical IEngineering
Philadelphia, Pennsylvanis

Yale University School of Medicine
New Ilaven, Connecticut

University of Alabema Medical Center
Birmingham, Alabama

University of Illinois College of HMedicine

Chicago, Illinois

Washington University School of Medicine

St. Louis, Missouri

University of Oklahoma
Norman, Oklshoma

University of Washington, School of
Medicine

Seattle, Washington

Johns Hopkins University

Paltimore, Moryland

Field of Interest

Neurophysiology

Physiological
Psychology

Neurophysiology

Cardiovascular
Physiology

Physiological
Pgychology

Neurology,
LLG

Cardiovascular
Fhysiology

Biomedical
Ingineering

Cardiovasculér
Physiology

Biomedical
Engineering,
Biophysics

Biochemistry

Cardiovascular
Physiology

Neuropharmacology

Physiological
Psychology

Chemistry R
Biochemistry

Neurophysiology

Psychology,
Pharmacology



-5

Hlame ond Degree College or Institution and Location Field of Interest

Wilson, W. A., M.D. Bryn Mawr College Physiological
Bryn Mawr, Pennsylvania Psychology

Woodbury, J. W., Ph.D. University of Weshington Myocardiac
Seattle, Washington Physiology

Wootton, P. Tumor Institute of the Swedish Hospital Biophysics
Seattle, Vashington

Zablow, L., M.D. College of Physicians and Surgeous Neurology

Columbia University
New York City, New York
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Dr. Ernst O. Attinger
Dr. Antharvedi Anne’

Dr. Donald S. Blough
Dr. C. Alan Boneau

Dr. Sidney Goldring
Mr. Lloyd Simpson
(Dr. Jemes L. O'Leary)

Dr. Fred S. Grodins
Dr. James E. Randall

Dr. J. E. Hind
Dr. C. Daniel Geisler

Mr. Lee Hundley
(Dr. Joshua Lederberg)

Dr. John C. Lilly
Mr. Ben Locke

Dr. George S. Malindzak

Dr. Fred Thurstone

Dr. Gian F. Poggio
Dr. Gerhard Werner

(Dr. Vernon Mountcastle)

Dr. Bernard Weiss

Dr. J. Walter Woodbury
Dr. Albert Gordon

LINC Participants

The Presbyterian Hospital in Philadelphia
Research Department-

Brown University
Department of Psychology

Duke University
Department of Psychology

Washington University School of Medicine
Department of Psychiatry and Neurology
Northwestem University Medical School

Department of Physiology

University of Wisconsin
Laboratory of Neurophysiology

Stanford University Medical School
Department of Genetics

Communication Research Institute
Miami, Florida

Wake Forest College, Bowman Gray School of Medicine

Department of Physiology

The Johns Hopkins University School of Medicine
Department of Physiology

The Johns Hopkins University School of Medicine
Department of Pharmacology and Experimental
Therapeutics

University of Washington
Department of Physiology and Biophysics



ROSTER

First Assembly Period

LINC Evaluation Program

Donald S. Blough, Ph.D. Browm University,

Deportment of Psychology

C. Daniel Geisler, Sc.D. The University of Wisconsin,
Laboratory of Neurophysiology

Joseph E. Hind, Fh.D. The University of Wisconsin,
Laboratory of Neurophysiology

Lee Hundley, B.S. Stanford University,
Department of Genetics

John C. Lilly, M.D. Communication Research Institute
Ben Locke Communication Research Institute
Gian F. Poggio, M.D. The Johns Hopkins University,

Department of Physiology

Bernard Weiss, Ph.D. The Johns Hopkins University,
Department of Pharmacology and Experimental
Therapeutics

Gerhard Werner, M.D. The Johns Hopkius University,

Department of Physiology




LINC Evaluation Program

Second Assembly Phase Farticipauts

Fred S. Grodins, M.D.
James E. Randall, Ph.D.

C. Alan Boneau, Ph.D.

Ernst O. Attinger, M.D.
Antharvedi Anné, PL.D.

George S. Malindzak, Ph.D.
Fredrick L. Thurstone, Ph.D.

Sidney Geldring, M.D.
Lloyd N. Siupson

J. Walter Woodbury, PL.D.
Albert M. Gordomn, Ph.D.

Northwestern University
Department of Physiology

Duke University
Department of Paychology

Research Department
Presbyterian Hospital in Philadelphia

Wake Forest College,
The Bowman Gray School of Medicine,
Winston-Salem, North Carolina

Weshington University
School of Medicine
Department of Psychiatry and Neurology

University of Washington
Department of Physiology and Biophysics
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INTERDEPARTMENTAL MASSACHUSETTS INSTITUTE OF TECHNOLOGY

CENTER DEVELOPMENT OFFICE

FOR COMPUTER TECHNOLOGY IN THE BIOMEDICAL SCIENCES

292 MAIN STREET, CAMBRIDGE 39, EXT. 5841

14 August 1963

To: Central File

From: T. T. Sandel

As of 13 August 1963 all LINCs from the first assembly phase including
the Killam LINC had been delivered in apparently good order. The date
of departure was nominally 26 July 1963 and the dates of arrival were
as follows:

D. S. Blough, Brown University, Providence, Rhode Island -~ 27 July 1963

G. F. Poggio

G. Werner }-Johns Hopkins University, Baltimore, Maryland -- 2 August 1963

B. Weiss, Johns Hopkins University, Baltimore, Maryland -- 2 August 1963

J. Lilly, Communication Research Institute, Miami, Florida -- 9 August 1963
K. Killam . . b A Cali ) A ¢
J. Hance Stanford University, Palo Alto, California -- 9 August 1963

L. Hundley (J. Lederberg), Stanford University, Palo Alto, California -- 9 August 1963
J. Hind University of Wisconsin, Madison, Wisconsin -~ 13 August 1963
C. Geisler ’ ’

No damage has been noted in any case which might be attributed to transporta-
tion via furniture van. The only malfunctions which have been noted fall
into trivial categories and have been easily remedied.



INTERDEPARTMENTAL MASSACHUSETTS INSTITUTE OF TECHNOLOGY

CENTER DEVELOPMENT OFFICE

FOR COMPUTER TECHNOLOGY IN THE BIOMEDICAL SCIENCES

292 MAIN STREET, CAMBRIDGE 39, EXT. 5841

. 30 September 1963

To: Central File

From: T. T. Sandel

As of 30 September 1963 all LINCs from the second assembly phase including
the Stacy LINC had been delivered in apparently good order. The date

of departure was nominally 30 August 1963 and the dates of arrival were

as follows:

E. 0. Aftinger ) Presbyterian Hospital in Philadelphia, Pennsylvania --

A. Anne’ 6 September 1963

F. S. Crodins Northwestern Universit Chicago, Illinois -- 1l September 1963
J. E. Randall ¥ €0, P

C. A. Boneau Duke University, Durham, North Carolina -- 12 September 1963

R. W, Stacy . 3 s s R i oh. North C 13 S

N. R. Bell Institute of Statistics, Raleigh, North Carolina -- 12 September
G. S, Malindzak Wake Forest College, The Bowman Gray School of Medicine

F. L. Thurstone Winston-Salem, North Carolina -- 12 September 1963

S. Goldring . . . . . .

L. N. Simpson } Washington University, St. Louis, Missouri -- 17 September 1963

W. Woodbury University of Washington, Seattle, Washington --
M. Gordon ’ 30 September 1963

Malindzsk reports that one of his console cases was cracked in transit.
o other damage has been reported.

20 ?>C—4
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An Intrcduction to Binary Numbers and Binary Arithmetic

Irving H. Thomae

28 June 1963




An Introduction to Binary Numbers and Binary Arithmetic

From a pragmatic viewpoint, any aumerical notation or number system
is merely a code for representing quantities - statements about "how many."
In other words, a number system is a language in which topics like counting
and arithmetic can be discussed conveniently. We may not expect that
such a langusge will be unique. There may be, and in fact there is, a
vhole family of number systems, ond the particular number system used
by a particular digital computer is, in this sense, that computer's

' While we do arithmetic in the decimal system, LINC and many

"language.'
other computers use the binary number system. Before explaining binary,
let us recall vwhat is meant by a "decimal" system.

Everyone learns in grade school that a decimal number such as 7,432
represents ''two ones, three tens, four hundreds, and seven thousands."
Reading from right to left, in other words, the successive columns are

1 2

ascending powers of teun: 1OO(=1), 107, 10, 103, etc. The system is

based on ten, as the name implies, and there are ten different symbols
used, O through 9.

But there is nothing to prevent us from using some other number as
a base, or radix. The a@difion tables etc. would have to be rewritten,
since the same quantities would be differently encoded, but two plus two,
by any name, must still be four, even though we may vrite "B + 8 =§ ", or
"10 + 10 = 100." 1In this paper, we will use spelled-out names of numbers

to refer to the quantities they represent, indépendent of particular

number systems. Thus, "two" is an invariant. It alvays means the number



-
of dots in this circle: (:). The mark "2," however, is undefined in
some number systems, including binary; and the mark "10" has a different
meaning in each different number system.

The binary system is based on the radix two. This means that there
need be only two symbols, conventicnally taken as O and 1. This is vhy
computers use it, since an on-off, or two-state, device is much simpler
than a ten-state device.

Reading from the right end of a binary number, successive columns

3

are ones, twos, fours, eights, etc., - 2O(=l), 21,22,2 , etc. - ascending
powers of two. Thus, the number 11001 represeunts, reading from right,
"one one plus no twos plus no fours plus one eight plus one sixteen,"
or twenty~five. It must be admitted that binary numbers are less compact

than decimal, but for computer use, we will see that this disadvantage

is far outweighed by the advantages.
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Fractions are represented in the same way. Columns to the right

of a decimal point represent increasingly negative powers of ten
2

(tenths, hundredths, thousandths, or 10‘1, 105, 10'3, etc.). Similarly,

to the right of the binary point we have halves, quarters, eighths -

2‘1, 2_2) 2’3, etc. Any fraction can be represented in this form. For
instance, .1011 is "1 half plus no fourths plus 1 eighth plus 1 sixteenth,"
or eleven sixteenths, .6875. Similarly, 101.011 is 5 3/8, or 5.375.

The tablesof powers of two attached, especially the positive powers,
should be at one's mental finger tips.

We will often refer to the columms of a binary number as "bits."
Strictly speaking, a "bit" is any item of yes~or-no information, but in
practice this distinction will usually be unimportant. We also frequently
name & bit in a number by the power of two represented. Thus, the "0-bit"
is the right-most bit, representing 2% or 1; "pit k" is the fifth from
the right, representing 2h or sixteer,

The numbers listed on the preceding page illustrate two importent
points about number systems. Consider first the counting process with
respect to one column of a decimal number. As 1l's are added, the column
"£i1ls up" until 9 is reached. This is the maximum capacity, so when
the next 1 is added we must return our column to O and carry 1 to the next
higher column.

In the binary system, however, a given colum's value may only
be O or 1, so every second time a bit receives a 1 it must clear and carry
to the next. For a giveu bit, then, counting is a process of alternating,
or "flipping,” between "0" and "1", originating (sending out) a carry

every time it reverts from "1" to "0."
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In either system, when all colums are filled to capacity, the next
"1" added will require a new column. In decimal, we see this happen in
going from 9 to 10, or 99 to 100; in binary this happeuns, for example,
between seven and eight, fifteen and sixteen, or sixty-three and sixty=-four.

Notice also that it is always extremely easy to multiply by a power
of the radix. In decimal, we may multiply by ten by shifting the entire
number left one place, or by 10" by shift ' ng left n places. Correspondingly,
in binary we can multiply by two by shifting left one place, or by 2n by
shifting left n places. Compare three, six, and twelve in binary with
three, thirty, and three hundred in decimal; or thirteen and twenty-~six

in binary with thirteen and one hundred-~thirty in decimal:

BINARY: 1{1} three, times(_t._w_o)l: DECIMAL: 3| three, times(ten)l:
shift left one. shift left one.
1} 1jo 3}90
. 2 R 2
1| three, times(two)“: 3| three, times(ten)“:
) shift left two. shift left two.
111 00 31040
1}1j0]1} thirteen, times(two)l: 113] thirteen, times(ten)l:
/ ‘/ shift left one. / shift left one.
ﬂl 0§ 1}0 1 _;,10

FIGURE 1. Multiplication by the radix as a shifting process.

The process of "translating," or reconverting from binary to decimal is

obvious; it might be helpful to describe decimal—»to-‘binary conversion
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explicitly. OStarting with the largest possible power of two, we attempt
to subtract successively smaller powers of two from the current remainder
and get a positive result. For each successful subtraction a 1 is

recorded, otherwise, a 0. Thus the decimal number 685 converts as follows:

635 9
-512 [=27] v/
+173
(-256) [zegl X—
-128 [=2']
T v
(-64) [aag] X L é
—}% [=27] o 101'10119\1
S
- =2
75 v
- b [«2°]
1 v
(- 2) [=20] X%
-1 [=2"] v

@)
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‘l’ ADDITION
Binary addition is very simple. The basic table has only four

entries, compared to one hundred in decimal:

Decimal: +}0 1 2 3 ... Binary: +]0 1
0j0 1 2 3 0j0 1
11 2 3 & 11110
212 3 4 5
etc.

Notice that for a particular bit, 1+l gives O with a carry. This we

have just seen in considering the counting process. Indeed, from the
viewpoint of a particular bit, addition is always basically a counting
process.

We may illustrate with an example.

110110
10110
column sums 01100
primary carries -1 i
first carry sum 101000
secondary carries 1
secondary carry sum 100000
tertiary carries 1
result 110000

Of course, in doing the sum one would normally add in the carries

as they appeared, but this form shows’whét is going on more clearly.



MULTIPLICATION

Binary multiplication is, if anything, even simpler than addition.

0 1
0jo0 O
1{0 1

1 times 1 is 1, and anything else is 0. Il is easy eunough to combine

The basic table is:

this with the standard methods. Compare decimal and binary multiplication:

a. 356
08
2
0000
2492
252058
b. A Decimml: 29 Binary: 11101
x B 21 10101
C 2 11101
58 00QC00
609 11101
00000
11101
1001100001

Of course we normally omit the rows of zeros. But notice that in
binary, multiplication by each multiplier digit is reduced to the decision
whether or not to copy the shifted rultiplicand. ©So, in this example,
ve take (1) - [(22)(A)] + (0) - [(2*)(A)] + (1) - [(2°)(A)] + (0) -
[(23)(A)] + (1) - [(Qh)(A)], or in all, twenty-one times A, or B times A,

vhich is exactly what we want.
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By nowv it should be quite clear that binary arithmetic is both
simple and cumbersome. There is available a very convenient way to avoid
the awkward chains of ones and zeros. Ve introduce another number system,
octal, which is based on eight. This system has 8 characters, for which
we use the Arabic numerals O through 7. Interconversion between binary
’ and octal can be done by sight, since a group of three binary digits is

completely equivalent to one octal digit. This of course is so because

8 = 23 So we have this equivalence:
27 = | x &t
~ so" = 2 x 8t
[ 23 =1x gt '
! v
BINARY 101011 = 53 OCTAL
NN RS ]
2l = 2 x g°
20 = 1x 80
BINARY OCTAL
000 0
001 1
010 2
011 3
100 L
101 2
110 6
111 T

See also the tables of powers of two.
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A binary number grouped in sets of 3 bits rach can thus be read off

in octal, a far more couvenient notation.

Compare these numbers:

DECIMAL BINARY OCTAL
5 101 )

8 1 000 10

9 1 001 11

12 1 100 1k

15 1111 17

16 10 000 20

29 11 101 35

32 100 000 40

40 101 000 50

54 110 110 66

. 100 1 100 100 14k
3739 111 010 011 011 7233

One can clearly also do arithmetic in octal, and although LINC
actualiy operates in binary, it is customary and proper to use octél
almost exclusively when programming and operating the computer.

The addition and multiplication tables are perfectly straightforward,
except that the digits 8 and 9 are missing. For convenience they have
been appended. A brief glance at them will indicate that the same counting
processes hold as in any other systcm: when the capacity of & particular

column is exceeded, clear it and carry.

One pitfall to be avoided carefully is that octal numbers look,
superficially at least, much like ordinary mumbers. The complete absence
of 8's and 9's may not be immediately evident, and muich confusion can

. result. Therefore, wherever ambiguity seems possible, numbers will be

written with the subscript “8" or "10" to indicate "octal” or "decimal."
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COMPLEMENT /RITHMETIC

Up to this point we have assumed that we could represent any number,
no matter how large. In a digital computer, cach digit is represented
by some kind of physical hardware, such as a wire, a "flip-flop,” or
a light-bulb. The computer thus necessarily has a finite range of
numbers, determined by the number of bits available. For instance,
LINC has twelve bits, so the largest possible number wvhich could normally
be represented is h095lo (77778). If we add 1 to this number, we ought
to get 1 000 000 000 OOO2 (100008), but only the rightmost twelve bits
are represented, so the next number in sequence is 0. More simply,
but in exactly the same way, if we had three bits available the biggest
number possible would be 111 (78), followed ogain by O, In that closed
system 1, 9, and 17 are com@letely equivalent. They are said to be
equal "modulo 8;" in other words, they all give the same remainder when
divided by O.

Suppose now we arrenge things so that, in our simple closed system,

the extra carry generated when we add 1 to 7 is brought arcund the end -

as an "end-carry" - and added in at the O-bit. When this occurs, the

result is 001 - as if we had added 1 to O instead of to T

3-bit closed system: 1 11 000
+
@

end-around carry 31
001

]
<
[

o
o
o
o
(@)
| aad

+ 1 +

12-bit closed system: 111 111 111 111 000 000 OO0 00O

4

end carry D 21
D0OD 009D 000 001

1)000 000 000 000 000 000 000 0OO01




11
In fact, in end-carry n-digit binary aritbhmetic, the number composed
of n 1's behaves exactly like C. It is customarily referred to as
"minus zero" to distinguish it from the more femiliar form which is
then referred to as "plus zero."
Continuing in our 3-digit end-carry system, we consider the following

arrangement of numbers:

010

0l1 001

100 '///// 000 30"
N |

nxn llO " uO"

101 111

These are, of course, all the possible numbers we may have.

Define positive rotation counter clockwise (,:5). Counting around
the wheel, the positicn "X" is then plus five. However, if we start at "-0"
and count clockwise, it becomes minus two. Try adding this "-2" to +3,
using end-around carry. (Count around the wheel treating +0 and -0 as
one point.) The result is +1.

It will be found that the following designations can be assigned:

|l+2"
010
ﬂ+3ll ll+1ll
011 001
"-3" 100 \\\\\\ 000  "+0"
101 111
ll-2Il ll‘-oll
110

"-l"
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These definitions permit subtraction, if we limit ourselves to a system
of just the numbers 0,1,2,3. In effect we have made the leftmost bit
represent the sign of the number. If it is a "1", the number is presumed

to be negative, and is counted down from minus zero (11l), instead of

up from plus zero (000).
Notice in the diagram that ~2(101) has 1's where +2(010) has 0's,

and vice versa. The process of replacing l's with O's end O0's with 1's

is called complementing, and in a 3-bit system, 101 is the complement
of 010. So, to euncode a negative number, we complement the corresponding
positive binary number.

Returning now to LINC's 12-bit numbers, we restrict ourselves to
numerical use of 11 bits. To code a negative number, we complement it.
Here, too, complementing turns out to be equivalent to counting dowm
from -0. Since the binary mognitude of numbers will have a zero in the
leftmost bit, complementing renders bit 11 a one. This bit is therefore
a sign indicator, end LINC can "find out™ vhether a number is positive
or negative simply by testing it. If the ll;bit is O, the number is
positive; if 1, it is negative. Furthermore, if we never try to give
numerical significance to the sign bit, we can subtract numbers by adding

their complements using end-around carry.



EXAMPLE :
Decimal Binary Octal
1978 011 110 111 010 3672
-1560 -011 000 100 010 -3042
410 011 110 111 010 3672
Add complement of 100 111 011 101 _b135

subtrahend:

End-around carry D000 110 010 111 @26_2'{
000 110 011l 000 0630

Notice that in octal, we may form a complement by subtracting
each digit of the number to be complemented from 7. Then, by using
end-around carry, we get the same result as we did in binary.

Counting now is rather odd if one exceeds the allowed eleven numerical
bits. For, the next number after 011 111 111 111, (37778), the largest
positive number, is 100 000 000 000, the biggest (in magnitude) negative

number (i;ooo8 --37778) .
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DIVISION

The last and perhaps most confusing operation 1is long divisiom.
Division is the process of finding out how many times the divisor is
contained in the dividend. At bottom, therefore, it is an elaborate
method of subtracting and counting, although the familiar procedures tend
to obscure this.

For example, in the simple division 2/§", we all know the quotient
is 4 and the remminder is 1. But if we didn't know that, we could
Tind by subtracting 2 repeatedly, counting the number of times we were
successful. When, after such a series, the result furns up negative,
we know we have subtracted once too often. The correct remainder is then
recovered by adding back the divisor once, and the correct quotient is
one less than the total number of subtractions we have executed.

Let us illustrate this with another very simple example, 3/1k:

Operations Count
14
=3
11 1

I

-3
> 3
-3
2 4
=3
-1 5 Negative result, so add back the
divisor.
3
2 5~al=1+

Quotient 4, remainder 2
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. This obviously is impractical for large quotients, and so the familiar

long division uses a very important shortcut.

Consider this example:

142
28/3979

26

117

112
29
56
3

In the first step, we actually divide not by 28, but by 2800.
To obtain the right answer for thie problem, that result is automatically
multiplied by 100 when it is put in the third column from right in the
answer. That is, the “1" in the quotient represents ( Eg%oo)x 100.

The remainder obtained is really 1179. In the second set of steps

‘ 1179 is divided by 20 x 101, and the result, 4, is multiplied by 10t

when it is put in the second quotient coluf:m. Finally, 59 is divided
by 20 x 100, snd the result, 2, is multiplied by 1 and placed in the right-

most column to give the answer 1h42.
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The same "shortcut" of taking out the divisor "a hundred at a time"
‘ can be used in the subtraction method too, as follows:
Operation Comments Count Quotient
28/3979
~3979 Divide by 28 x 100
-2800
1179 1
«2800 Negative, so add back
-1621 the divisor
+2800 2-=1 = 1 1 x 100
1179
- 280 Now use 28 x 10 as 1
899 divisor
- 280 : o
619 Positive remainder,
= 280 so keep going.
55 b
- 280
- 221 Negative, so add back 5
+ 280 the divisor again.
59 This count is the 10's
‘ digit of the quotient. 5el = L L x 10
- 26 Now use 28 x 1 as divisor
31
- 28
g Positive, so keep going
- 2
- 25 Negative « back up
+ 28
+ 3 3=1 = 2 2x1

The final quotient is 100 + 40 + 2 = 142, and the final remainder is 3.
Of course, the process of multiplying the divisor by various powers

of ten is customarily accomplished purely by shifting it along beneath

the dividend, and the zeros have been filled in here purely for clarity.
Notice that, if we wished, we could shift the dividend left instead

of shifting the divisor right. Their positions relative to each other

will be unchanged snd if we don't get our quotient score-keeping mixed up,
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the result will be exactly the same. This is couvenient in a finite
number system like LINC's, where shifting a number may mean discarding
digits. It is then clearly better to discard higher-order current remainder
bits, vhich are O anyway when they fall due for shifting "off into space.”
We will not attempt to do binary division with complemented numbers.
If either the divisor or the dividend is negative, we will re;complement
it before dividing, and remember the sign.
As an illustration, let us find the quotient of two 6-bit binary
fractions. As usual, the left-most bit is the sign; and we assume also
that the binary point lies directly to its right. With the binary points
of both divisor and dividend in the same place, this is completely
equivalent to dividing a pair of integers. However, use of the left-
most bit as sign;ﬁit requires that the divisor be greater than the
dividend. Tor, if the quotient came out equal to or greater than 1,
it would then be interpreted as a negative number, and this clearly would
be wrong, since as we have already said, both the divisor amnd the dividend

will always be positive.
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Exarmle: 1.,10001

0.10100 !
First, we note that the numerator is negative, so we mist complement
it, and remember to complement the quotient we get when we are all done.

So we have 0.10100/0.01110

First subtraction: 001110
(by adding comple- 101011
ment of divisor) 111001 Negative: Record 0 in quotient y—m
2dd back: +010100 add back dlYlSOr. (T@ls was
001110 expected, since the first quo-

tient digit is a sign bit.)

- - - -

ghift remainder

left one: 011100
Subtract: 101011
001000 Positive - record 1 in quotient,
-------- continue.
Shift remainder
left one: 010000
Subtract: 101011
111011 Negative - add back divisor, v
-------- record O in quotient. 0.1011
= A T
Shift: 100000
Subtract: 101011
001100 Positive - record 1 in quotient,
----- - continue.
Shift: 011000
Subtract: 101011
_999}99_ Positive - record 1, continue.
Shift: 001000
Subtract: 101011
110011 Negative - record O, add back. —
010100
001000

etc. Quotient: 0.10110
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The first 6 bits of the quotient are therefore 0.10110.

Complementing, the final result is 1.10001
o.1o100 - 1000

The reeder may verify that in decimal this would read =-.U375 _ 700
T.62so - Tt

and that the binary equivalent of .700 is 0.10110011......

Now, there is one possible "shortcut" peculiar to binary. We have
seen that when subtracting of the divisor gives a negative result, the
divisor mst be added back before shifting and subtracting again. In

binary, upon getting a negative result, we can shift first and then add

the divisor.l However, when we shift before restoring, we are working
with & complement, and cannot discard bits shifted "off the left end."
In order to make the end-around carry come out right, it is necessary
to bring the shifted bits around to the right and fill them in there.

In LINC, this is called rotation to distinguish it from ordinary shifting.

1 Ve are shifting the remainder left, which multiplies it by two. So,

if R is the number from which we just subtracted, and D is the divisor,
the negative result is (R-D). It is obvious that

2[(R-D) + D)} -D = 2(R-D) + D.
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Here is the same example, using the “shortcut”:

0.10100/0.01110

Subtract: 001110
: 101011

111001

rotate: 110011
add: 010100
001000

rotate: 010000
subtract: 101011
111011

rotate: 110111
add: 010100
001100

rotate: 011000
subtract: 101011
000100

rotate: 001000
suhtract: 1 __O*l*Ql_]:
110011

rotate: 100111
add: 010100
111011

etc.

Negative:

Positive:

Record O in quotient,
rotate left one place.

record 1 in quotient,

continue.

(Notive that rotating o positive number
left one place is indistinguishable
from shifting it left one place)
Negative: so record O, rotate, add.

Positive:

Pcsitive:

record 1,

record 1,

Quotient:

continue.

continue.

0.10110



POWERS OF TWO AND EIGHT

. POSITIVE POWERS DECIMAL, EQUIVALENTS
29 g° 1
ot 2 x &° 2
2? b x &° 4
23 gt 8
ot > x 8 16
25 4 x gt 32
20 g 6h

. é7 2 x 82 128
28 b x 8 256
2’ 83 512
10 2 x 83 1,02k
o1l b x 83 2,048
212 g" ¥, 096
213 > x g 8,192
oLt L x 8" 16,384
o153 g’ 32,768




NEGATIVE POWERS

-1k

-15

POWERS OF TWO AND EIGHT
80

y x 87t

> x 8t
8—1

L x 872

2 x 82
8—2

L x 83

> x93
o3

b x 8

2 x 8_h
gl

b x 877

2 x 82
go

DECIMAL EQUIVALENTS

1.0

.25

.125

.0625

.03125
.015625
.0078125
.0N300625
.001953125
0009765625
00048828125
.000254140625

.0001220703125

,00006103515625

.000030517578125



OCTAL ADDITION

10

11

10

12

11

10

13
14

11

10

12 13
14

11

10

15
16

13

1k

11

10

15

13

12

11

10

OCTAL MULTIPLICATION
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JI. SHIFT CLASS INSTRUCTIONS

et e oo i SAva e e L e ke isn e et o st e om me e e e e

ROL i n 240 ~ 201 ¢ n 16 usec < ROJ.

~4

ROTATE LEFT. If i = O, shift contents o7 the Accumulator n places to the

left {n= 0, 1, ..., 17 octal), with bit 11 feeding bit 0. I i = 1, shift
the Link - Accumulator combination n ploces to the left, with bit 11 feeding
the Link bit and the Link bit feeding bit 0.

Time of execution: 16 usec for n = 0, 1, 2, 3; O usec additional for each

additional 4 places or fraction thereof.

ROR i n 300 + 201 ¢ n 16 psec + ROR

RCTATE RIGHT. 1If i = O, shift contents of the Accumulator n places to the
right {n = 0, 1, ..., 17 octal}, w{th bit O feeding bit 11. If i -~ 1,
shift the L nk - Accumulator combination n places to the right, with bit 0
feeding the Link bit and the Liuk bit feeding bit 11.

Time of execution: 16 psec for n = 0, 1, 2, 3; O psec additional for each

additional 4 places or fraction thereof.

BCR i n 340 + 20i + n 16 pysec +

%
r

SCALE RIGHT. If i = 0, shift the contents of the Accumulator n places to

K3 < hl L PR T} 1 . b
right in = O, 1, .., Y{ octal;, with bit 11

e

)}
y

1

[

and bits shifted out of bit 0 lost. Tf i = 1, shift the Accumulator as
above; the last bit shifted out of bit O will be saved in the Link bit.

Time of execution: 16 usec forn =0, 1, 2, 3; 8 usec additional for each

additional 4 places or fraction thereof.




ADD X 2000 v X 16 pwes ADD

ADD.  Add the contenrs of memory cegister X 410 < X4 < X777 te the contents
»f the Accumulator, leavaing the result  in the Accuaulator, Tk o» G{ACD) -
C(ACC}, using Lz-bit binary addition with end-avound- carry. DRegister X is

*Eychangﬁd

e e i i e L i L m G e e e b ety s by A 17 4 PR S smasar

STC X 4000 + X 16 usec 3

ITGRE-CLEAK. Copy the contents of the Accumulator iuto memory register

X0 < X < 1777, and then clear the Accumulator. CEACT) « CiLXy, O » CLACC)

-
s AT e

IMP X QOOO ¢ ﬁ‘ 16 usec? ME

JUMF ., Taike the next instruction from memory registzr X {0 < X< Y777, and
contionue to sxrcute iastructions in saguencs starting «ith regiszter X.

The addresz & replaces the contents of the Program tounter and, uniess

X = 0, the original contents of the Frogram Counter increas=d by L and prs-
fixed by ths code for /M¥ replace the contents of memnry register 0.

if C(¥¢j = p, then X - C(PC) and JMP p+) -~ €10 unless X = ¢, If X = O,

N

then O - T{&C).

*Dxecution time: For X = G, 8 usse; ror x [ 4,




IV. LUDEX CLA3S INSTRUCT U3

TABLE L. ADDRESSING IN INDEX CLASS INSTRUCT IOHS

i 3] Y t wusec Comment

0 0 X{p + 1) 16

1 0 p+1 6

0 | 1l<ply X(8) 16

1| et | x(p) ¢ 2 16 |X(B) + 1 -» X(E:

The time t usec must be added to the execution time to get the total
instruction time. Y is the address of the register which holds the operand

used by the instruction. The instruction is assumed to be in register p.

LDA i B 1000 + 201 + B {8 + t) usec* LDA
LOAD ACCUMULATOR. Copy the contents of memory register Y (*see Table I)

|_int> the Accumulator. C{Y) -» C(ACC). Remister Y is unchanged.

STA i g 1040 « 20i + B {8 + %} psect STA
STORE ACCUMULATOR. Copy the contents of the Accumuiator into memory regis=
ter ¥ {%see Table 1}, CILALC) - 2{Y). The Accumulalor is unchanped.

LADA 1 B 1100 « 20i + B (8.« t) usec”

- ——

ADD TO ACCUMULATOR. Add the contents of memory reg ster ¥ (mee Table 1)
to the contents of the Accumulator, leaving the result in the Accumulator.
CLY) + v{ACC) = C(ACC), using 12-bit binary addition vith end-around-

| carry. Register Y is unchanged.

ADM i B 1140 « 20i + B (16 5 ) usec* ALM
ADD TO MEMCRY. Add the contents of memory regixter ¥ [ *see Table 1)} to

the contents of the Accumulator, leaving the result in the Accumulator and

in register ¥. CiY} v C{ACC} - C(ACC} and - C{Y}, using 12-bit binory

addition with end-around-carry.




LAM 1 B 1200 + 201 :7’—_5 (l() & ‘-\;.‘) sec ¥ LAM

LINK-ADD TN MEMCRY. First add the contents of the Link bit (the integer O
or 1} to the contents of the Accumulator leaving the sum in the Accumulator,
using 12-bit binary addition with the end-carry, if any, replacing whe
contents of the Link bit; (if no end-carry arises, cle=ar the Link biij.

| Next add the contents of register Y (*see Table I) to the coatents of the
Accumulator with the end-carry, if any, replsacing the contents of the Link

bit {if ao end-carry arises, the Link bit is unchanged), leaving tne 12-bit

result in the Accumulator and in register Y.

MUL i B 1250 + 204 + B {104 + t; usect ML

MULTIPLY. Multipnly the contents of register Y {#*see Table i; by the contentd
of the Accumulator, and leave the result in the Accumulator. The values in
Y and in the Accumulator are treated as signed, 11-Lit, ones' complenment
numbers, and are rnultiplied tcgether to form a 22-bit product. They may be
interpreted as either fractions or integers: if bit 11 {the h-bit) of the
address Y is a one, they are treated as fractions whose binary points are
between bit 11 ithe sign bit) and bit 10. In this case the most significant
11 bits of the 22-bit product are left with the proper sign in the Accumula-
tor. If Dit 11 of the address Y is a zero, the values ore treated as inte-
gers, and the least significant 11 bits of the 22-bit product are left with
the proper sign in the Accumulator. When i = 1 and B = 2, bit 11 of the

eddress Y is assumed to be zero, and the vaiues are treoted as integers.

h_I}EQ;ster Y ic unchanged. The sign of the product is left in the Lipk bit..
SAE i 8 1440 + 201 + B {5 + £ psect SAE

—m e

SKIP IF ACCUMULATOR BQUALS. 1If the contents of the Accumulator exactly
match the contents of memory register ¥ {*see Table 1} then skip the next
instruction (actually, skip the Tirst register of the next .nstruction).

Utherwise, go on to the next instruction in sequence. C(ACC; and ey,

are unchauged in either case.




-

| sp0 i p 1500 » 20i + {3 {8 s %) usec® SR
SKIP AND ROTATE. 1f the rightmost bit of the contents of memory register ¥

{*see Table I) is a zero, then skin the next instruction {actually, skip the
first register of the next iunstruction). Otherwise, go on to the next
instruction in sequence. in either case, rotate the contents of register Y

one place to the right and replace in registver Y. The Accumulator is

vnaffected.

BCL i B 1540 + 20i + B {8 + t) psecr BCL

BIT CLEAR. For each bit of the contents of register Y (+*see Table I)
wvhich is & one, clear the correspoading bit of the contents of the Accumulas

|_tor. Register Y and other bits in the Accumulator are unaffscthed.

BSE i (B 1600 + 20i + B {3 + tj psec* BSE

BiT SET. For each bit of the confents of register Y {*see Table 1 which

is 8 one, zet to one the corresponding bit of the contents of the Accumula-

tor. Register Y and other bits in the Accumulator ars unaflected.

T p—

| BCC i B 1640 + 201 + B {8 ¢« t) psec* BCO

Y

BIT COMPIIMENT. Yor each bit of the contenis of repister ¥ {*see Table I}

ot

which 1s a one, complement the corresponding bit of the contents of the

Accumulator. DRegister Y and other bits in the Accumulator are unaffected.
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DX i 174 + 201 ¢+ B (112 » t) psec* DaC

DYSPLAY CHARACTEIR. Display, in a 2 x 6 grid, the pattern coutainsd in reg-

ister Y {*see Table I). The contents of register Y are examined from right
1o left beginning with bit zero, and for each bit found to be a one a point
is displayed. The inatial X-coordinate will be the contents of register 1,
plus 4; the display channel is selected by the leftmost bit of register 1
The initial Y-coordinate will be the contents of the Accumulator with the
rightmost 5 bits {(bits O0-L4j set to zero by the computer. The initial coor-
dinateg specifly the lower left position of the display; the computer procesds
from lower left to upper right. For each bit of register Y which is exa=
mined, <4 is added to the ¥-ccordinzte in the Accumulator. When the right

6 bits of register Y have Leen examined, the right 5 bits of the Accumulator
are reset 10 zero and +4 is added to the x-ccordinate in register 1. The
procedure is then repeasted for the left 6 bLits of register Y. At the con-
clusion of the instructisn the contents of register 1 have been incremented
by 10 {(octal;, and the right % bits of the Accumulator are 1e{t equal tn

30 (octal). kegister Y is unchanged.

£
)
5 114 y + 2h8
Numbers 0 - 11
designate ho104 ¥+ 20g
scope place=-
(S

final y-coordinate (Accq_h) = 30S

ment of corres-

ponding bits 3 D B A lh8
in the pattern
word. o 8

o
N

initial y-coordinate (ACCO-h) =0

—3
S

X x 1+ & x + 108
Initial x- Final x-coordinate
coordinate in register 1
in regis-

ter 1




V. HALF-VWORD CLASS INSTLUCTIONS

Table IT ADDRESSING IN HALF-WORD CLASS INSTRUCTIONS

i B8 Y h t usec Comment.

—— o e - R e T it e d——

If h=0, operand is LH{X)

<iv + 1) hip s 1) 16 ,

O 0 Kp + 1} n{p ) 1} ’ 10 s if h=1, operand is BH(X} .

1 0 p+1l 0 8 Operand is alwvays LH(p + 1)
o C h=0 b iz LH{J

0 1<B<1T x{B) n{g) 16 if he0, operand ie LH{X)

s if =1, operand is RH{X)

if E:O, operand is Lﬂgxrl}

1 1<B<)7 | Xig) + n{p)} Tnip} 16 1 h=1, operand is RH{X}
B h, j, X+ h -~ c(p)

The time t isec must be added to the execution time to get the total instruc-
tion time. Y is the address of the register holding the operand in the half
designated by h. {lL = 1: right helf; h = 0: left half). The instruction

iz assumed to be in register p.

LDH i B 1300 + 201 < B ‘ (8 + t) usec* LDH

LOAD HALF. Copy the contents of the designated half of register Y { *see
Table I1) into the right half of the Accumulator, clearing the left half of

_ the Accumuiator. Register Y 1s unchanged.

STH i B 1340 + 20i « B {8 + 1} usec* STH
STORE IIALF. Copy the contents of the right half of the Accumulator into the

designated half of register Y (¥see Table 1I;. The Accumulator and the

_unused helf of register Y are unchanged.

s i

SHD i B 1400 + 201 + B {3 + t) pusec* SHD
SKIP IF HALF DIFFERS. If the contents of the right half of the Accumulator

- differ from the contents of the designated half of register Y {*see Table II)
then skip the next instruction (actually, skip the firat register of the next

instruction). Otherwise, go on to the next instruction in sequence. c(ACC)

and C(Y) are unchanged in either case,

v
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TABLE 17T, ADDRESS NG 5N SET INSTRUCTION |
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BET i n b < 901 Pn {2h + ¢} usec® SET |

SET. 8et register n equal to the contents of rrglater ¥ {*see Table IXT}.
The Accumuletor and register Y are unchanged. Take the next instruction
from p + 2.

L ey e s e

¢ usec
SAM i n 100 « 20i « 2k usec SAM

SAMPIE. Sample the 51gn‘1 on one of 16 input channeix splectcd by n. Put
its binary conversion, *177, into the Accumulator, extending the sign throug!
bit 11. O < n < 7 selects one of the potentiometers; 20 <.n < 17 selects
one of the high speed inputs. if i « 0, the instruction requirss 24 usec.
If i = 1, the computer goes on to the next instruction after & usec; the
conversion process in the Accumﬁlator continues, however, for en odditional

14 gzec. Therefore, care should be itakern vhen instructions which affect

i Lie Accumulator follow a SAM with 1 1.
DI5 i n 140 + 201 4 n 3z usec DI

. i A s s .

DISFLAY. When i = 1, index the address part of register n fn - 0,1,. .

17 octal)} by 1. Displiay one point whose X-coordinate is specified by the
rightmost O bits of register n, and whose yp-ccordinate, 43772 y> =377 {octal
is specified by the contents of the Accumulator. Display via the channel

sclected by the leftmost bit of register n. The Accumulator remains

unchanged.

P ——

“CJK 1 u 200 + 201 + n ~1_6 usec X‘E‘»Kj

[ [ e e ;e v memas s i Sya—— it ot

YVA“” AND B3KIF, Af i - 1, increment the addyess part of recister n by 1.

; i+ 0, do not index register n., In either case, skin the nest ira!oue-
tion {actually the first register of the rext ingtruction} if the address
part of register n equals 1777. &f it does aot sgual L1777, go to the coxt

i ”fruoLLoa in qeqncnge. Lne AChumuLator 18 uschanped.



OPK i n 5QQ £ 201 v+ n 16 usec* OFR

R

OUFERATE. “he Uperate iastructioo £s a multi-purpose input-output instruc=

tion which is used to:

1} transfer iaforration from the LINC keyboard and the control console
toggle switches {Right Switches and Left Switches} to the LINC Accumula-
tor.

2) control the transfer of digital information between the LINC and exter-
nal digital devices.

3} proride pulses whicli way be used externclly 4o synchronize or.control
sprz2ial equipment.

Toggle 3Switch Input.

RSW. RIGHT SWITCHES. When n = 16, the contents of the Right Switches re-

place tie contents of the Accumulator.

LSW. LIFT SWITCHES. When n = 17, the contents of the Left Switches

replace the contents of the Accumulator.

In these cases the i-bit has no effect. *Time of Execution: 16 usec.
Pausing. For O < n < 15 the i-bit provides a timing control generally used
to synchronize the LINC with exiernal devices. When i - 1 the computer
will pavse. It will remain in an inactive state until it receives a
"restcrt” signal (-3 volts} from the external equipment. The n-bits

(0 g 15} of the instrustion designate the exterpal level inpub line to
be ussd for restart. If i =~ O, or if the restart signal js already present
on line n, the computer will not pause. In this case it is assumed that the
exteroal equipment is ready for restart at the time the computer would

normally paus=s.

Keyboard Innut

KBD. KEYBOARD. Vhen n = 15, the Accumulator is cleared and the 6-bit code
oumber for a struck key is transferred into the rigitt half of the Accumula-

tor; the key is released. I § - 1, the computer waits for a key to be
struck; if i ~ 0, or if a key was previously struck, the computer does not
wait. VWhen a key is struck, the Keyboaurd locks until a KBD instruction

is executed. *Time of Execution: 16 usec whien no pause.

Pulse Output. buring the execution of enyOPD instruction, fTour pulses of

-3 volis are available to exiernal «quipment. The first of these is a
long pulse which appears 4 usec after the beginning of the instruction on
one of 16 pulse output lipes provided at the LINC's Data Terminal Box. The
output line is designated by n {0 <n< l7); minicum dﬁration of this pulse
is 12 wsec. If the computer pauses, the pulse duration is extended by ths

length of the pause.

i e £ 107 s
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The other 3 pulses sach .4 usec duration, are associated with pause and
restart. One is delivered to external equipment at psuses time if, and only
if, the computer actually pauses. The second occurs at the time when the
computer would normally resume operation after a pause, regardless of whether
the computer has actually poused or not. If the computer has paused, the
pulse, which indicates that the computer is now running, will appear not
less than 2 psec and not more than 4 usec after the restart signal has
been delivered by the external equipment. If the computer has not paused,
this pulse will appear 2 usec alftei pause time. ‘The third pulse appears
2 pusec later.

Digital Input-Output. The OPR instruction may be used to transfer 12-bit

digital information between the LINC and external devices. The user may
choose to transfer one word, into the LINC Accumulator each time the OPR
instruction is executed, or he may use the instruction to transfer a group
of words between the LINC memory and his external device. In this context
the pause feature and the LINC’s output pulses would be used to synclhironizc
external equipment with the computer.

Digital Input to Accummulator. There are four 12-bit chaunnels available for
single~word input to the LINC Accummlator. Two, SN and TN, provide direct

input to the Accumulator, and two, UN and VN, provids input via the B
Register to the Accumulator. One word is transferred each time the

Operate instruction is executed. When information is ready to be transferred,
the external equipment must supply an enabling level for the appropriate
channel (SNEL, TNEL, UNEL, or VNEL), followed, if the computer is paused,

by the restart signal on line n. After restart, if the transfer is into
the Accumulator vis SN or TN, the Accumulator will be cleared automatically
before the transfer takes place. Transfers into B via YN or VN are ORed
{exclusive OR, partial add) with the contents of the Accumulator, and the
result is left in the Accurnulator. The Accumulator will not be cleared
before UN and VN transfers unless a special clear enabling level (TLEL)

is supplied along with the appropriate channel enabling level (UNEL or VNEL)

before restart. *Time of Lxecution: 16 usec. wvhen no pausz.
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Digital Input to Memory. Iuformaticn may be transferred from external

equipment to the LINC memory via UN or VN, Informstion, transferred one
word at a time, is stored in consvcvtive locations in the LINC memory.
The number of words transfeirred each time the OFR instruction is executed
is controlled by tie external device. The computer will pause and transfer
information repeatediy, until the external davice indicates that no more
transfers are to be made. Transfers are handled in the following way:
the first word transferred must be a beginning address for storing subse-
quent transfers. This is transmitted over UN or VN, and the appropriate
chonnel enabling level must be supplied {UNEL or VNEL}. In addition, a
begin transfer level (BEGT) end a wmemory input level (MINP) must be
presented to the computer before restart, After restart, the computer
transfers the word over UN or VN to the B register and to the memory
addrese register. The Accumulstor is cleared automaticelly, and the com-
puter prepares to store subsequent transfers in the memory. The computer
then pauses.

When the external device is ready with the first word of information,
it must present enabling levels UNEL or VNEL aund MINP before restart.
The clear enabling level (CLEL) may be present. The begin transfer level
{BECT) may not be present. After restart the word is trensferred to the
B register over UN or VN, and stored in the LINC memory at the location
specified by the memory address register. It is also ORed (exclusive OR,
partial add, with the contents of the Accumulator and the result is left
in the Accumulator. (The Accumulatcr will not have been cleared unless
CLEL was present.) The contents of the memory address register are
incremented by one in preparation for the next trarsfer, and the computer
again pauses. The process is repeated as described above, until the last
word is ready to be transferred. This time the external device presents
only the channel enabling level (UNEL or VNEL) and the restart signal.
MINP may not be present. After restart the computer completes the last
transfer, and goes to p + 1 for the next instruction. The partial sum
of all words traunsferred to the memory is left in the Accumulator.

*Pime of Execution: 16 usec. plus & usec. for each word input to memory,

exclusive of pauses.
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External Output from Memory. Information may be transferred from the

LINC memory to an external device directly from the B register. The
operation is similar to memory input, except that a memory output level,
MOUT, is presented instead of MINP. A beginning address must be supplied
over UN or VN along with BEGT and MOUT, as described above; after restart
the beginuning address is transferred to the memory address register and
the contents of the word at that location replace the contents of the

B register. The computer then pauses. The external device completes

the transfer from the B register. This time the MOUT level must be present
before restart. CLEL is optionsl, and BEGT, UNEL, and VNEL may not be
present. After restart the contents of the B register are ORed (exclusive
or, partial add) with the contents of the Accumulator, and the result is
left in the Accumulastor. The contents of the memory address register are
incremented by oune, the next word in the memory replaces the contents of
the B register, and the computer pauses. The process continues until the
MOUT level is removed. The partial sum of all words transferred from the
memory ie left in the Accumulator, and the computer goes to p + 1 for the

next instruction. The memory is left unchanged. *Time of Execution:

i6 psec. plus O usec. for each word cutput, exclusive of pauses.
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VIii. SKIP JLAS5 INSTRUCTIONS

In these instructiouns the i=bit can be used to reverse the skip decision;
that i#, when 1 - O the computer will skip the next instruction (actually,
the first register of the next instruction; only when the specified condition
is met., However, when i « 1, the computer will skip only when %he condition
is not met; otherwise it will go on to the next instruction in sequencs.

The four situations which may arise are sunmarized in the following table in

which p +k, k = 1 or 2, is the location of the next instruction.

TABLE IV, BRANCHING IN SKIF CLASS INSTRUCTICNS
! condition k p*k
B 0 met, 2 p+2 N
0 met 1 p+1
! met 1 p«1
1 met 2 D+ 2
SNS i n hyO % 201 + n 3 usec SNS

SBENSE SWITCH. Check to see if Semse Switch n {n = 0,1,..., 5 octal, on the
control console is up iset to one), and go tc p * k (see Table IV) for the

next instruction.

o

AZE i 450 + 201 8 usec AZE

ACCUMULATOR ZERO. Check to see if the contents of the Accumulator equal
positive or negative zero {(all zeros or all ones) and go to p + k (see

Table IV} for the next instruction. C{ACC; are unchanged.

gomre . s

AFO i 451 + 201 O usec APO

e o —4

ACCUMULATOR POSITIVE. Check to see if the sign bit {bit 11) of the Accumu-

lntor is positive [zero; and go to p + k {(see Table IV) for the next

instruction. C{ACC) are unchanged.

LZE i Lksg + 201 8 usec LZE

LINK ZERO. Check to see if the Link bit is zZero and go to p + g wsec Table

1V} for the next instruction. C{ACC, and the Link bit are unchanged.




IBZ i 453 ~ 201 8 usec 1BZ

INTER BILAXK ZONE. Check to ses whether either tape is in an Inter Block
Zone and go to p + k (see Table IV) for the next instruction. A taps must
be moving and up to speed for thiz condition t» be met. The tspes are

unaffrcted.

FSXL in 40O +20i + n 8 usec SXL

CKIP ON EXTERNAL LEVEL. Check to see if external level n (n = J,1,...,

14 octal) is present and go to p + k {see Table IV} for the next instruction.

KST i 415 + 201 O psec KST

KEY STRUCK. Check to see if a key has been struck oun the Ke:board and go

to p + k {see Table IV, for the next instruction. 7The Keyboard is unaffected.




VIIY. MAGUED {C TAPE SNSTRUTIONS

MAGNEEL { TAPE INSTRUCTION SUMMARY

D > 20i
MIT i . L —310u
QU | BN 43BN
t 3 YN( 2000 }

i: Motion Control

i=0
i~

Tape stops

Tape moves

u: Unit Select

us=20

u = 1

. Hi
Unit 50

Unit 31

QN. Quarter Number D <QN T

QN Memory Registers
0 Cc = 377
1 490 = 777
2 1000 - 1377
3 oo - 1777
i 2070_~ 2377
5 2400 - 2777
| 6 3000 - 3377
7 3400 - 3777
EN: Block Number 0 < BN < 777 (octal)
1 Tape = 512 (decimal] Blocks
1 Block =~ 25C {decimal) Words
1 Word = 12 (decimal} Bits
Data Sum = two's coumplement sum of 256 Words in Block

Check Sum
Check Sum
To Check:

8

e
Data Sum
+ Data Sum = Transfer Check

Transfer Check - -0
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EDY 3 700+ 203 =+ 1Ca G

READ AND CHECK. The specified Block iz 1ead inrto the specifisd Memory

Quarter and the transfer is checksd. JIf it does not check, the Block is
read and checked again. If it checkg, -0 jg left in ths Accumulator and
the computer goes to p + 2 for the next instructicn. The information on

th~ tape is unchanged.

RCG iu 01 % 20i + 1Cu RCG

READ AND CHECK GROUP. (onsecutive Blocks are read into consecubive Memory
Quarters and the transfers are checked. The BN bits in p « 1 spcify the
initial Block; bits 0-2 in p + 1 specify the initial Memory Quarte<r. Bitsz
9-11 in p v 1 tthe QN bits) specify the number of addiiional Klucks to
read after the initial Block. That is, C{bits 9-11) ¢« 1 equal the total
number of Blocks to read. If a Block does nct check, it is read and
checked again. When all Blocks have been read and checked, -0 is 1left in
the Accumulator, and the computer goes to p + 2 for the next instruction.

The information on the tape is unchanged.

A — 6 el i o e

RDE iwn 702 ¢« 201 + 1lu RDE

READ TAPE. The specified Block from the tape is read into the specified
Memory Quarter, the Transfer Check i: formed and left in the Accumulsior.
The computer goes to p « 2 for the vext instvuction. The informaticn on

I the tope is unchanggd.

MEB i u 703 + 20i + 1Cu MT'B

MOVE TOWARD BLOCK. The next Block Number, either forward or backward, is
added to the BN bits {bits 0-8) of p «+ 1. (The QN bits are ignored.)

The result is left in the Accumulator. 1If i = 1, the tape is left moving
toward the Block specified by p + 1. If i = 0, the tape stops. The infor-
mation on the tape and in memory is unchanged. The computer goes to p + 2

for the next instruction.




LINC ASSEMBLY PROGRAM 3

LAF3

The following is a description of LAP3, a symbolic conversion program
for the LINC which uses the LINC keyboard for on-line input, and the

megnetic tapes for storage, working ares, and output. The gcope 1ig uged

to provide readable maunuscript.

I, General Information

A. COperating Procedure

11

LAP3 occupies Blocks 300 = 327 of the tape, plus Plocks 330
and following for "working srea” !see Chart (V). The tape
must be on Unit 0.

To operate, READ BLOCK 300 into QUARTER O, and start at O.
A T0001" will appear on the scope to indieate thet TAP3 is
ready to meccept keyboard input. This ix the nnly start or

restart procedure.

Lines of manuscript and meta commands are typed into the
computer via the keyboard. ILAP3 displays on the scope the
information being typed, one line at a time, as it is keyed in.

One quarter of the LINC memory is usad to collect manuscript.
As the quarter is filled, it is saved on the tape beginning
in Block 336 of the working area. it takes approximately
100 - 110 {octal} lines of manuscript to f£ill cne block.

B. Manuscript Lines

lh

#y "menuscript line” is meant a live cf program, a comment ,
an origin, or an equelity. A meta command iz not & line of

manuseript.

A wmanuscript line mey not exceed 1710 struck characters. This

includes spaces, case shifts, and the terminator.



C.

3. Manuscript lines are always terwinated by striking the
"End-of-Line" key, EOL. Lines which are too long are
automatically terminated with en ECL by LAP3 and called
to the attention of the typist. {(See Error Detection.}

Manuscript Line Numbers

1. LAP3 assigns a "line number" to every line entered. The
numbering appears at the upper left of the line on the gcope;
it is sequential, begiuning with 1, and octal.

2. The number "1" appears as the first linc number when the
initial “"ztart O" is executed. After that a new line number
appears every time the EOL is struck in terminating a man-
uscript line, and the computer waits for the next line to be
typed.

Deleting

1. Hitting the delete key, del, will delete the current line.
If there is no current line {i.e. if the computer is displaying
only a line number}, the previous line will be deleted. 1In
either case, the line preceding the deleted line will appear
on the secope.
Example: The following ceguence will anpear ou the

seop2 one line at a time as it is typed:

5001,
a3 cechit Edie.-
0002
S 5 ---hit E}l-e-
0003
JMP 56 emhit EOleew
000k
STA ~==hit "del;" line b is deleted-~-
0003
JMP 56 --=line 3 reappears; type line 4 ggain---
000k
STC 10 weehit EQLew-
0005 t o
--~-pext line number appears; hit "del"---
0003 5 - .
JMP 56 -=-line & is deleted, line 3 reappears; hit “d=
0002

g5 ~--1ine 3 is deleted, line 2 reappears; con'inug



II.

3.

Whatever ig "deleted” is permsnentiy deleted from the
manuscript. Whatever is dlsplayed on the scope is the most
recent line recorded. In the example sbove, only lines 1
and 2 are still part of the manuscript at the end of the

sequence.

It is not necessary after a delete to hit EOL before contin-
uing with the next line.

Display Format

1.

2.

3

The dispiey format 1s as in the above exemple, one line at
a time.

All keyboard characters {see Chart II) are displayed except
EOL, del, CASE, and META.

Characters are displayed as they are struck.

Case Shift

lo

N

Some keys on ‘the keyhoard have been assigned both upper and
lower cases. The characters in the middle of the keys are
lower cese (see Chart Ii}, and TAP3 normally interprets the
keyboard as lower case,

To select upper case, hil the case shlft key, CASE, and ther

hit the wupper case character,

The shift is not permanent; it is good for one character only.

LAP3 returns to lower case autometically.

LAP3 will interrupt the display afier CASE is struck, until
the upper case character is also struck. When both have been
struck, the display will resume.

Line Format and Symbols

A’

Origins

1.

Origins must be specified as octal consvants, preceded by an
origin character, -], and terminated with an EOL.
Example: to specify an origin of 300 on line 1, type

1
3005,



Spaces are avi permivted urywhere cn au origln line except

before the origin character,

3. An origin line msy not contain a line of program. If a line
of program appears before an origin character on the same
line, the program lipe will be omitted during conversiom.

If it appears after, the origin will be interpreted incorrectly.

i, Origins may be specified throughout the program. If portions
of the binary overlap as a result, the later origins take
precedence,

5. Conversion is faster if origins referring to the same quarter
of memory are entered consecutively in the menuscript, i.e.
not interspersed with origins referring to different quarters.
Thig technique is not required, but it saves much tape
shuffiing during conversion.

6. Programs with no initial origin will be located at 20.

Comments

1. Comments are permitted anywhere in the manuseript so long as
they occupy a line by themselves,

2. A commerv lina must begin vwivh ithe comrpeni characher i *

It may not begin with a space.

3. If a comment is Included on a line of program, thne program
line will be owitted during conversion.

Tags

1. Any program line (i.e. any menuscript line except origins,
comments, and equalities' may be tagged. That is, it may be
identified by a symbol which, during conversion, will correspond
to the actual memory location of the progrem line.

2. A tagged line must begin with the tag symbol, #. It may not
begin with a space,

3. Tags are limited to two characters.

a. They must be of the format “number, letter.’

b. The numbers are 1 through 7; letters are capitals,

A through Z.




g&:

¢, No spaces are permitied within the tag.
e.g. #2A is correct; # 2A is not.

d. Any other format, or any other combination of characters
will be called to the typist’s attention. (See Error
Detection.

b, No tag terminator is required.

5. A "number, letter" combination may be used once as a tag {#)
if it is not also used as an equality (=).

Symbolic Operation Mnewoniecs

1. All first-order three letter mmemonics for operation codes are
rermitted. Substitute mnemonics as defined by Chart I are
also permitted.

2. The mnemonics used must agree with Chart I, except that the
second character may be replaced by any other capital letter,
e.g. <MP or JEP are both acceptable for JUMP.

J1iP is not.

3. HNo spaces are permitted within the mnemonic.

1. Bit % {the i-bii} is specified symbolically with "i." Typing
"i" on a program line will cause bit 4 ©to be set to a 1 during

conversion,

2. Bit 3 {the tape unit bit)} is specified symbolically with ™u."
Typing "u" on a program line will cause bit 3 to be set to a

1 during conversion.

3. The vertical bar {|) is used in the second line of tape instrue-
tions to separate QN and EN.
e.g. QN = 3 and BN = 45, written "3}L45," will be converted
to 305,
a. Spaces are permitted as indicated by apostrophes:
r3J£sh5&

i, “Present Location” is specified symbolically with "p."

5, The "+" and "-" symbols are used as "plus" and "minus” in rels-

Wy

tive addressing and in assigning the sige ol a number. The




symbol is also interpreted as "dash” for some of the meta
commands .

e.g. =-56T will be converted to T210.

The equality symbol, =, is used to assign a value to an
undefined "number, letter" combinetion. It is not a tag
and it mey not be used to assign a location to a tagged line.
a. Equalities are permitted anywhere in the manuscript
s0 long as they occupy a line by themselves.
b. The numbers are 1 through T; letters are capitals,
A through Z.
¢. The "number, letter" combination must be on the left
of the "=" symbol; the numerical assignment on the right.
d. No spaces are permitted anywhere on an equality line.
e. The numerical assignment may not be signed.
e.g. 6G=TTTh is legal;
6G3=-3 is not.
f. A "number, letter" combination may be defined once by an
equality (=} if it is not also defined by a tag (#). If
a "number, letter" combination is defined more than once,
the last definition entered in the manuscript will be the

one used during conversion.

Numerals

Numerals on any line of manuscript or in any meta command must

be octal constants. LAP3 will convert incorrectly any numbers

containing an 8 or 9.

Spaces are not permitted between the digits of a number.
e.g. TT45 is legal; T7Th 5 is not.

Address Field

l'

Symbolic and relative addressing with any combination of "number,

letter,” numerals or "p" is permitted.
e.g. JMP p-5
ADD 6+4K
3C+6-p
_b+TZ
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I.

No spaces are permitted within the address fieid.

Ymdefined "number, letter" combinations in the address field
are assigned the value zero.,

e.g. JMP 3X, when 3X is not defined, will be converted to 6000,

For multiply defined "number, letter" combinations, LAF3
will use the last one entered in the manuscript for the assign-
ment, regardless of whether it was entered with # or =.

e.g. The following will be converted as showns

Location Manuscript conversion
H100

100} #2F ADD 3 2003
101; JMP 2F+2 6ok2  (NOT 6102}
2F-h0

Spacing

1-9

No spaces are required anywhere in a line except as desired

by the typlst for scope placement.

Spaces may not be inserted:

a. Within tags: (#2 K).

b, Within origias: {3 270).

c. Within symbolic operation mmemonics: {38 T},
d. Fetween the digits of a number: {3 45).

e. Within the address field: (3X- 5}.

f. Within equalitiess (i =770}.

Spaces may be inserted between the tag, operation, index; sddress
and vertical bar fields of the line.
e.g. #3D STA 1 3X
EDC i u
2 | 100
Lines which begin with either a tag {#) or a comment {[) symbol
are automaticelly positioned at the left of the scope. All
other lines will appear toward the middle of the scope.

Error Detection

1.

Some lines which contain errors are detected by the compiler

while they are being keyed in, These are:




a. Tagged lines which hegin with an illegal tag o teg format .
‘ b. Tines which are toc long.
¢. Lines which contain either a tag or an origin character

anywhere except firsi on the line. This includes comments.

2. Faulty lines are held on the scope and the keyboard is briefly
locked. When the keyboard releases, the typist must hit either:
"del,"” which will delete the line, or
"G," for (GO} which will accept the line as usual.

The keyboard will repeaitedly lock upntil one of these keys has
been struck.

3. Brror detection for faulty meta commands ie somewhat different,
and will be described below,

J. Line Formst

. Program Lines
a. The following formats for program iines are permissablie
{spaces optional}:
#3K BAB 1 5
‘l' #3K 1 SAE 5
#K SAR 5 1
#3K 5 1 3AE
#7178 R u i
b. The formeis
#3K 5 BSAE i
#3K 15 SAE
#3K P+ SE
are permitted, but the space iz required between the “5" and
the "8.”
"i" and "u” may come anywhere on a line.
d. Generally, any format is acceprabie, so long as
1} Tags come first.
2. Numbers and letters are distinguished from “number,

letier” combipaiions. (Examples in b. above.,

III. Meta (ommands

A. LAP3 provides nipe meta commands for changing, controliing, and

converting munuscript.




1. Except for the ilerminator, meis commands are entered exactly
as regular manuscript lines. They are displayed with a line
number and may be deleted with “"del" any time before the
terminator is struck.

2. The meta command terminator is a Case Shift (CASE) followed Ly
the BOL key; this combination is marked META on the keyboard.

3. Meta commands are executed when they are entered, and automaticaily
deleted from the manuscript at that time., After a meta command
is executed, LAP3 retwrns to normal input operation, displaying
the current line number on the scope, Continue typing.

Errors: there are two kinds:

1. When a faulty mete commend is eniered with the META key, a2 ques-
tion mark (7} will appear on the scope following the command,
and the keyboard will lock briefly. The only key LAF3 will
accept at this point is "del." Try again.

2. Once the command has been accepted, if LAP3 finds that it cannot
then be executed, a "NO” will appear on the scope. (This does
not happen until the tapes have churned a while and LAP3 has at
least tried.} The "N0" will remain on the scope until a key
{any key} is struck; LAP3 will return t. normal input opsretion
displaying the current line number. The manuseript entered up to
this point ie still intact (except with READ MANUSCRIFT}.

Formats

1. Meta commands must be at least two letters as specified on
Chart L. If no numeric parameters follow. any other characters
may also be typed: e.g., "Display” may be specified with DI,
DIS, DISP, DISPLAY, etc., so long as the "DI" i1s present. How-
ever, when numeric pearameters follow, only two letters are
pernmitted.,

2. BSpaces are only permitted between the commend and the paramecers.

Except for "Read Manuscript,” "Copy,” and "Convert Manuscripts,"
commands are effective only for manuseript in the working area of

the tape (see p. 1, I-A}.
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Commands

1. REMOVE Format; RE LN’“META

2. INSERT '& Format: IN LN
END META J

or: EE LN-L’J\J»f-n}m‘ A

Lines may be removed from the manuscript by typing "RE"
followed by the line number, IN, (spaces optional} of

the :.“irsti line to be removed. This is follawed by a comms
and the number of lines (octal] +o remove, or by a "-" and

the first line number _cg.t_g:r_* the area to be removed.

Example: To remove 5 lines beginning with line 230,
when the manuscript presently goes through line ho2,
type (on line 0k03);
0k03 0403
RE 230, SMEDA. or RE 230-235MA
When the META character is entered, LAF3 will execute
the command; the rest of the manuseript is automatically
renumbered, and LAP3 returns to normal input operation by
displaying a 0376 as the next line number.
When a REMOVE includes the last line in the maruscript, any
terminating parameter beyond that point will suffice to remove
the lines.
Example: To remove the last 10 lines of a manuscript
which presently ends at line 164, type
0165
KE 155,10 {or any number greater than lo}MEIA
0165
or RE 155-165 (or any number greater than 165)

LAP3 will return with 0155 on the scope as the next
line number.
LAP3 will respond with a "NO" when a REMOVE requests a line
number (as the initial parameter) not contained in the man-
uscript. Example: REMOVE line 20, when the manuscript only
goes through line 10.

META

META
N mra




b“

o) L

Lines may be inserted in the manuscript by typing 7IN,”
followed by the line number of the line following the
place the inserts are to be put. *IN 3OMETA" means
"insert the following before line 30.7 A 0030 will appear
on the ecope gz the next line number; lines to be in-
serted are entered at this point just as regular lines.
They mey be deleted with "del,” just as regular lines,
but LAF3 will delete onliy through line 0030. When all
the lines have beer entered, type "ENMETA" {as a separate
iine). LAP3 will make the inserts and return with the new
present line number on the scope.

Example; 1If 3 lines are to be inserted before line

40 in & manuseript which is presently 105 lines long,

the following sequence will appear on the scope {one

line at a time g

0106 “
IN‘uOMETA Type meta command
0040 o
001 g
R e s T Enter the 3 lines
002 |
..,..,....QED%")
ooi3
ENDMETA End meta commend
0111 New line number appears;

continue typing.

The commands on lines 106 and 43 are deleted automatically
when they are executed.
Following the IN command but preceding the EN command, LAP3
will accept no other meta commands.
LAP3 permits the user to insert up to 2 memory quarters of
of information with one INSERT command, i.e. approximately
200 - 220 lines {see Chart IV). Should this much be inserted
without terminating the command, it will be automatically
terminated by LAP3, the inserts will be made, and the new
line number will appear on the scope. The user may continue

inserting by giving & new INSE{™ command.
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4. LAP3 will respond wirh a "N0" wnen an INSERT requests a
line nuwber not contained in the manuscript. Example:
INSERT before line 50, when the maruscript only goes
through line 42,

PACK Format.: PAME?A

The meta commands INSFEY end REMOUVE leave gaps in the manuscripl.
wherever the change is made. When several of these commands are
executed, the number of tape blocks occupied by the manuscript
can vecome quite large; the length of time required to execute
further commands grows proportionateiy. PACK will condense the
manuscript; it does not, however, change it in any other way.
{flving a PACK command when no INSERT or REMOVE has been executed
does nothing {except to make the tapes churn}.

DISPLAY ¥ormar . DIMEEA

a. 7This commend will display from 1 to 70 {octal} iines of
manuscript on the scope, under knob controli by ithe user,

1; Knob O is used to select the number of lines per freme.
A request for 20 or fewer (octal; lines will produce e
single column display of readable size characters.
Feguests for between 21 and 70 lines will be displayed
in two coliums of smail size characters.

2} Knob 1 ig used to sweep through the manuscript, advanc-
ing the frame one line at a time either forward or
backward. The middle positions on this knob will hold
the display stationary. Hitting the CASE key when this
knob is on stationary will advance the display by one
frame {e.g. for taking pictures).

b. Lines are displayed with line numbers.

¢c. To terminate the display, hit EOL. LAP3 will returm to
normal. input operations.

d. If a request is gilven to DISPLAY an unpacked manuscript,

LAP3 will PACK it automatically before displaying it.

SAVE MANUSTRIPY Format SMMETA

a. Manuscript in the working area of the LAP3 tape can be zaved

at sny time in any consecunive blocks on either wnit. Saving




mapuscript more frequently than you think necessary is
recommended. Saving manuseript in the LAF3 area on the
tape is not recommended.

b, An unpacked manuseripr is autcmatically packed before the
SM command is executed.

¢. When the user fypes "SMMEEA"’ the following appears on

the scope:

SAVE

n BLOCKS
AT BLOCK ?,
UNIT ?

1} "n,” supplied by LAP3, is the number of blocks occupled
by the manuscript; because of a control block which
accompanies every manuscript, n is never less than 2.

2, 'The question marks are to be filled in by the user:
type the block number of the first block where you want
the menuscript to be put. This will replace the "% on
line 3 above. Terminate the line with BOL and type the
unit number. This will replace the "%" on line &4 above.
Terminate finally with a second EQI. and the command will

37 If you don't like what you typed, hit "del” and the
question mark{s; vill reappear. One “del" restores
one "?". Type the entry again. (Do any "del”s before
the final EOL.; 1f LAP3 doesn‘t like what you typed,
the question markis} will reappear automatically when
the EOLe are struck.

d. After the SAVE, LAP3 will return to normal input operation;
the manuscript will be as it was before the copmand was

executed {except that it may have been packed}.

KEAD MANUSCRIPT Format: HM BNQUHMETA

KEAD MANUSCERIPTY will restore a manuscript which hag been SAVED
t> the working area of the LAP3 tape. Type "RM’ folloued by

the block number ‘EN}, o comma, and the unit number (UN} spe~ify-
ing the present locazion of the manuscript.

a. Only manuscripts which have been saved with g SAVE

MANUSCRIPY can be read with a}BEAﬁ MANUSCRLPT,
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b. When the commsnd is executed, LAP2 will revurn with the
present line number for the manuscript just read, Cor-
tinue typing.

ec. LAPI will return with a "NG“ when either the BN or the
UN requested is illegal, or when there 1y nco SAVED man-
uscript at thav locarion., Hitiiug s key (any key! at this
point will revurn ILAP3 to norma: input operation, but it
will return with a "1" as the present line rumber, What-
ever you were typing up to the EFAD command is effectively
lost,

CONVERY Format: &V
META

The "CV" commend converts to binary the manuscript in the

working area of the tape.

a, %he binary veraion will be in blocks 330 - 333 of the tape
on unit O {the LAP3 tape; after conversion., #lock numbers
correspond to memory quarters C - 3 respectively.

b. After conversion LAP3 will return to normel input operation;

the manuscript will be as it was before conversion.

CONVERT MANUSCRIPTS Format ; QMMEWA
BT
To convert a manuseripi woarking area of the taie, oF

t0 convert several manuscripts together, the commsnd "M is
used, After the command is given, the following will appesr

on the scope:

CONVERT
MANUSCRIPIS AW

a. Type the block number(s} specifying the location of the
beginning of each manuscriph to be converted., Separave the
block number entries with spaces. The numbers will appear
on the scope as they are typed; 'del” will delete them one
at & time. 1AP3 will delete non-existent block numbers when
they are typed.

b, The wanuseript{s specified must all be on the tape or

unit 0.
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)

Matltiple wanus<ripts are converved iogsther in “he order
in wbich they are reguested; 1.2, they are reated as oie
longer muruseript. (This has relevance to origins in
manuscripts. |

ing aves of the

Pape. Only manuzeriptis’ which have Jeen saved with a
GAVE MANUSCEIY. way be converted with oM,

e. Az many as 8 manvseripts may be selected. When 8 have bLaen
selecred, LAPY will terminste the solection suromatical Iy
and execure the comnmand. Othervise:-

f. Terminate the manuseript selection with BiL. LARY will
convert the wmanuscriptis’ and reiurn ©o ndormal input opereo.
tion. The manuscript ia the working ares wiil be 235 it was
before the (M conmand was given.,

g, As with €V, the binary conversion will be in blocks 330 - 343
on unit O, block rumbers corresponding to memsry gquarters
G« 3, respecnively.

h. A "NMO” will appear if iAP3 finds that any of the blocks

specified does not coutaln the beginning of a SAVED manuscrip:

¥Format: OF

This command permite «ne

any place on either vnit, (it does oot appiy oniy o meauscript.

When the commend is given, the following appears on *he scope.

COFPY

7 HLOCKS 4~ Number of bLlocks to move
FEOM BIOTK T N

\ Pras g

ONIT 7 J‘ Present location

™ BIOTK % N .

' uest, locatrio

UNIT 7 j Fequested location

2., Fill in the question macks es indicated, termineting each
line entry with WIL. The command will be executed when the
last EDL is typed after line 6 above. Hitting “del wili
delete entries, one at a time. LAP? will delete illegal

entries automatically.



Since LAF« can orly copy 3 blocks aw a time {hecnuna of
memory limitations!, care should be *taker pot 14 JvsErian
the block numbers when requesting a i 9P’ BExam- =
hequesidng a OOP° of 6 biocks from block S50 t= biock &5 .
on the same wit will nct work. Fequasting a {0y 7 of 2
blocks, however, from block 550 to ziock 551 on ihe some
unit will work, (0bvious‘1y, if' the unite are d.ir{ierent.
the COPY will be successiul. -

Afrer the COPY, 1AP3 will return to rormal ingput operation.
the manuscript in the working area will be as i+ was Lefore
the commandg.

Avgust &, 1963
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LINC Control Console

Located on the control console are most of the elements required for
manual control of the computer. The toggle switches, arranged in groups
of threes, present digital informstion to the computer. The pushbuttons,
levers, and rotary switches initiate computer actions and special modes
of operation. In addition, indicator lights show the state of the major
computer elements.

Register Lights
The register lights display the contents of the Accumulator and
various control registers; they are arranged in groups of threes to facili=
tate reading in octal form. A light which iz lit correspounds to a flip-
flop in the "on" or “one” state. The rightmost light corresponds to bit O
of the register.

INSTRUCTION - 12 bits., The instruction lights display the code number

of the instruction currently being executed by the computer. During the
execution of DSC, MUL, RIR, ROL and SCR, the rightmost four bits of the
Instruction register are used for counting. Otherwise, the Instruction

lights change only when the computer is ready to execute a new instruction.

ANSTRUCTYON LOCATION - 10 bits. During cycle O {the 1 cyecls; of all

instructions withdravm from the memory for execution, the Imstruction
Iocation lights display the memory location of the current instructioun.

in later cycles, except for MI'P, XSK, SHD, and SAE, these lights display
the location of the imstruction the computer will execute pext. In later
cycles of MTP the lights dlsplay the location of the second word of the MTP
instruction; for XSK, SHD, and SAE, they display the location of the next
instruction in sequence, regardless of whether that instruction may be
skipped or not. An instruction executed manuslly from the console with
the DU TOG TNSTR lever affects the Instruction Location lights only when
the instruction itself is JMP.




-

ACCUMULATOR and L - 13 bits. The Accumulator {12 biﬁs) end the Link bit

{mexked L) sre affected only by executing instructions which regquire their

Vad el

uge., They cannot be disturbed by any cousnle operaticns except T L8

MEMORY CONTENIS - 12 Dbits. These lights digplay all words withdrawa

from or stored in the memory. Thay also displsy the waltipliceand duving

the last part of a MUL iustruction.

MEMORY ADDRESS - 11 bits. The Memory Address liights display the memory

location of any word withdrawn from or stored in the memcry. Ixcept for
later cycles of MUL, DS, SAM, OFR, and the shift instructions, these Llighis

P

display the location of the word in the Mamory Contents register.

RELAYS. The six Relay lights display the state of the relay flip-flops

They are set to zero vhen power is turued ON or OFF. Otherwvige they are

sffected only by the ATR instruction.

Two lights marked R (Run) and F {Pouce; indicabe the stute of the
computer’s activity. When the compuber is opersbting ander progrem control,
the Rua light is normally 1it. The Run light also comes on during most
pushibutton operetions. The Pause light will come cu during MIP instructions
end when a pause is initisted during UPR instructicns. When veither ligit

s 1it the commuter i STOFPED.

g

CYCLE Lights

The lights marked I, ¥, 0, sad I display the cycle peric

instruction as it is executed by the computer. The K Iighi

o - K YR K e Tyt LT Yy
to Cyrle O, or the invtivehion oyele, Awias vhidieh the

ey

LJ

Lhe it JL\.”’
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brought into the Imstruction register. Cycle 1, marked X, is the index
cycle, so called because all instructiomsexcept XSK which index a word
in the B registers do so in Cycle 1. O and E, the operation and execution

cycles, correspond respectively to Cycles 2 and 3.

Toggle Switches

Three sets of toggle switches are available for presenting informa-
tion to the computer. A switch which is up is said to be in the "one"
state. As with the register lights, the rightmost switch is switeh 0.
The SENSE SWITCHES (6 toggle switches) can be sensed, one switch at a
time, by the SNS instruction. They are used while a program is running
to control program branching. The RIGHT and LEFT SWITCHES (12 toggle
switches each) can be read into the Accumulator with the RSW and LSW
instructions. These switches are alzo used extemsively in conjunction

with the pushbuttons and levers as described below.

Pushbuttons, Levers, and Rotary Switches

Control of the computer is provided through the various pushbuttons
and levers at the control console. Some execute instructions or mounitor
stored instructions as they are executed by the computer. Others are used
to examine or change the contents of words in the computer memory, and
others, such as MARK and CLEAR, change the operating state of the computer
altogether.

The pushbuttons labelled AUTO RESTART, ISTOP, XOESTOP, FILL, EXAM,
CYCLE BY CYCLE, INSTR BY INSTR, CLEAR, and MARK will light when pushed.
The other pushbuttons and the levers do not light. Generally a lighted
pushbutton indicates that the computer is operating in the stated mode.
Those buttons with no light initiate single actions; to repeat the action
the button or lever must be pressed again.




o I

Most of the pushbuttons and levers are mutually exclusive; operating
one of them will generally disable the others. Pushing s button vhieh
is illuminated will simply repeat the indicated action. A mode is generally
left only by initiating some other console action leading to a new mode.

Exceptions to this are described individually below.

The control counsole is designed so that most actions can be initisted
at any time without dsmaging a rumming program or a tape transfer. When
an action is initiated while the computer is Running ‘the R light on), the
, bime of the I Cycle {0} of the
next instruction} before changing mode. That is; it will alweys finish

"safe" time (t

computer waits until a
an instruction vwhose execution is in progress hefore changing to a new
mode. The same is true if an action is initisted when the computer is
Stopped in the X, 0, cr E Cycles {Cycles 1, 2, or 3). Under these circum-
stances the computer will be set to Run and will proceed to the next

"safe" time, t, time, of the I Cycle of the next instruction. (The

1
exception to this occurs in STEP actions when CYCLE BY CYCLE is on; see
below.} Furthermore, console actions do not affect the Instruction Location
register or the Accumuletor {unless they ere specifically intended to do

80, e.g. START 20;. The user, therefore, can always resume normal rumnning

operacion aftsr interrupting o Running or Stopped compuber.

The Stop lever is the only mesns of interruptivg the computer iT the
computer is iun the Pavse state. If the computer is interrupted while

Pauged, it will not finish the instructiocn.

The above remnarks about mode changing o not pertain to the AUTD
EESTART, ISTOP, and XOESTOP pushbuttons. These take effect independently
of the rest of the console, and are recognized without interruption of

the computer.
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OR. The OF pushbutton aupplies power to the computer and initiates certain
"presetting” actions which twrmn control elements to an "off" or "safe"
state. Pushing this button when the computer is off will start the ceuntral
clock and lesave tThe computer in a ready state to begin operation:s.l The
Run, Cycle, Instruction, amd Relay lights will be cleared, the console
pushbuttons cleared,; the tape write-gate shul off, and the computer and

the tapes left in the STOFFED state. The contents of the memory snd the
tapes are not affected. Pushing ON when the computer is already on

has no effact.

CFF. The OFF pushbutton removes power from the computer. As power dis-
appesrs, pres2tting pulses appear temporarily as in turning ON. However,
since this presetting is wvot at present synchronized with other actiouns,

it is advisabie to meke sure the computer iz STOFEED (the RUN lights

both out} before pushing OFF. Purhing OFF when the computer is running (R}
or paused (P} may destrcy & word in the memory or on the tape. Pushing

' CFF when the computer is already off has no effect.

CLEAR. The red CLEAR pushbutton clesrz the computer memory and doeg a
simple memory read-write test. Fushing this button clears all other
console functicuns and puts the cowputer in a clear and test mode; the
CIEAR light eund the R light will come on. The Cycle lights will go out.
On slternate passes through the memory the computer writes and reads zeroes,
then writes and reads ones, in each memory register. Should the memory
test fail, the computer will STOP (RUN lights out}. The Memory Address
register and the Memory Contents register will display the location and
contents of the memory register which failed. If the computer was writing
and readiug zeroes at the time of the failure, all the bits in the Momory
Contents register will be zero except the bit{s) which failed, indicating
that the memory has "picked up a one.” If the computer was writing and
reading on=s, all the bits in the Memory Contents register will be ones,
except the bit(s}! which failed, indicating that the wemory has “dropped

a one." The computer will stay in the CLEAR mode until some other console

‘ 1 No wern-up time is necessary except for the scopes, which require about 40 gic.



action is initiated. FRegardless of whether the computer was ou a pass
testing for zeroes or testing for ones, the enbire memory is always left
with zeroes when the CLEAR mode is inmterrupted. ISTOP and XOESTOP are
not recognized when the computer is in the CLEAR mode.

MARK. The red MARK pushbutton is used in conjunction with & aspecilal
program to generate LINC tapes. Pushing this button clears all other con-
3ole Tunctions except ISTOF and XOESTOP, puts the computer into the MARK
TAFE mode, and begins executing instructions at location 40, Although the
computer operates under program control when generating tapes, the SAE
instruction behaves differently in the MARK mode. Although some console
acticns may be initiated, they will disrupt the tape generation timing

and way dissble the MARK mode itgelf. Therefore no other console actions
ghould be initiated while the MARK light is on. Likewise, the MARK bution
should not be pushed except when it is expressly desired to generate a
tape. However, unless the computer encounters an MSC 13 instruction,
pushing the MARK button will not damage the information on tape. The
MARK button can be turned off by starting some other console function,

or by sxeculing s HLT or MIP instruction.

EXAM., The EXAM pushbutton is used in conjunction with the Left Switches

to examine one memory word. Pushing this bubtton inberrupts any operation
the couputer might have been carrying out, and clears all other congole
functions excapt YSTOP and XCESTOP. When EXAM is pushed, the EXAM light
will come on and the content. of the word whose address matches the setting
of she Ieft Switches will appear in the Memory Conteuts lights. The
setuiag of the Lefi Switches will aprear in the Ferory Addiazs light.

The computer will STCP (RUN lights oub}. It will remain in the EXA¥ mode

until some other console action is specified.



AT

P, The FILL pushbubtton is vsed in conjunction with the left &and Hight
Switches tc fill one memory word from the console. Fushing FILL interrupts
any operation the computer wmight have been carrying ocut, and clesrs all
other conscle functions except ISTOP and XCESTOP. VWhen the FILL button

is pushed, the FILL light comes on and the word held in the Right Switches
ig stored in the memory at the location specified by the Left Switches.

The settings of the Left and Right Switches will appear respectively in
the Memory Address and Memory Contents lights. When the FILL button is
reloesed, the light goes out and the EXAM light comes on. The computer
examines the word addressed by the Left Switches, just as though EXAM had
been pushed, and STOPS. The computer will remain in the EXAM mode until
some other console function is specified. Pushing FILL affects only the
memory word addressed by the Left Switches; it way be used when the compu-

ter is Rumning or Stopped.

STEP EXAM. The STEP TXAM lever inberrupts any operation the computer

aight have been carrying out, and clears all other cousole functions

except ISTOP and XOESTOP. It operates like EXAM except that the Left
Syitches sre not read into the Memory Address register. Instead, STEP EXAM
sLeps the contents of the Memory Addross register by 1, and displaye in

the Memory Contents register the word at that location. The EXAM light
comes on, and the computer STOFS. 1t will remein in the STEP EXAM mode
with the EXAM light on until another console action is initiated. STEP
EXAM may be used when the computer is Running or Stopped.

FiLL STEP, The FIIL STEP lever interrupts any operation the computer
might have been carryivg out, and clears all other console functions except
ISTOP and XOESTOP., It operates like FILL except that the Left Switches

are not read into the Memory Address register. Instead, when FILL STEP

iz pressed, the FILL light comes on and the contents of the Right Switches
are read into the Memory Contents register and are stored in the memory

at the locetion specified by the Memory Address register. When FILL STEP
is released, the computer behaves as in STEP EXAM snd Stops. That is, the

contents of the Memory Address register are stepped by 1, and the word
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at that location is displayed in the Memory Contents register. The EXAM
light comes on and the computer is left in the STEP EXAM mode. FILL STEF
may be used when the computer is Rumning or Stopped.

Selective Starts

Trhe following couscle actions interrupt any operation the computer
might have been carrying out, and cause it to start executing instructions
at the selected location. They clear all other console functions except
ISTOF and XOESTOP, and put the computer directly into the Run state.

They may be used when the computer is Running or Stopped.

START 20. The computer begins executing instructions starting at location 20.
START 400. The computer begins executing imstructions starting at location 500,

START RS. The computer begins executing instructions starting at the location
speeified by the Right Switches 13},

RESIME. The computer begins executing instructions starting at the location
nresently displayed in the Instruction Location lightz. Xt can therefore

be nged to resume normal running at full speed after an interruption.

Selective Stops

The LINC can te wade Lo Stop wnder specified conditionz ian the course
of running & progrem. The Tollowing stops are espscially useTul when
trying to detect program errors. The LINC always stops at tl time (see
Instruction Timing Diagrems)}, regardless of the kind of Stop specified.
Any of the following stops may be specified when the coamputer is Running
or Stopped.



INSTR BY. INSTR and CYCLE BY CYCLE., These pushbutions interrupt any

operation the computer might have been carrying out and clear all other

console functions except ISTOP and XOESTOP. Fushing either bubtton when

the computer it Running will cause it to Stop at the uext I Cycle,

tl time, i.e. at the begibning of the next instruction. Pushing either
button when the computer iz Stopped in the I Cycle has no effect except

to clear other conscle functions. Pushing either button when the computer

is Stopped in any cycie other than the [ Cycle will cawse the computer te Run

until the next I Cycle, t., time and Stop at the beglnning of that instruc-

tion. The pushbutton ligit comes on and the computer is left ready to
executeone instruction, or one cycle of an instruction, every tim= the
STEP lever is pressed. When operating in either of these modes, the

computer executes stored programmed instructions just as it does when

Runuing at full speed, except that it Stops at the specified points.

INSTR BY INSTR. When the computer is in this mede, pressing the SIEP

lever causes the computer to execute the instruction displayed in the

Instruction lighte and Stop at t; time in the I Cycle of the next insgtruction.
Bvery time the STEP lever iz presced, the computer executes one more instruc-
tion and stops. Every time the computer stops, the i light {Cycle 0} will

be on, and the Instruction and Instruction Location lights will describe

the next instruction to be executed.

CYCLE BY CYCLE. When the computer is in this mode, pressing the STEP

lever causes the computer to execute one cyele of the instruction displayed

in the Imnstruction lights, and Stop at tl time of the next cycle. Every
time the STEP lever is pressed, the computer executes one more instruction
cycle and stops. When the computer gtops, the Cycle and Instruction
lights will describe the stop point. If the instruction being executed
has cycles which repeat (e.g. the shift instructions which repeat Cycle 2
until all the shifts are completed), the computer will stop at each ¢

1
time, each time the cycle repeatis.
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The computer will not, however, SIEP Cycle by Cycle through an MIP
or OPR instruction. This is to preveunt possible loss of information
because of unusual timing conditions. In these cases, the computer will
execute the entire ingtruction and Stop at tl'time in the I Cycle of
the next instruction. It will not, however, leave the Cycle by Cycle mode.

STEP. The STEP Jever is used in the INSTR BY INSTR and CYCLE BY CYCLE
modeg as described above. When the computer is in neither of these modes,
pressing STEP has exactly the same effect as pushing the INSTR BY INSTR
button. That is, other conscle functions will be cleared and the computer
will Stop et t, time of the next I Cycle. The XNSIR BY INSTR light will

be on.

1

ISTOP and XOESTOP. These two pushbuttons are used to stop the computer

whenever a reference is made to a selected memory location. The user
selects the memory location by setting the Left Switches. The computer
will then stop when the Left Switches match the contents of the Memory
Address register.

Either button may be pushed vien the computer is Running, Peaused,
or Stopped, although neither will be recognized when the computer is in
the CLEAR mode., Neither button changes the state of the computer until
the specified stop condition is met. They clear each other and the AUTO
RESTART light, but no other console functions. They are themselves cleared
only by pressing the STOP lever or the CLEAR pushbutton.
ISTOP. ISTOP will stop the computer at tl time when there is a match
between the Left Switches and the Memory Address register in the I Cycle.
Since in the I Cycle the Memory Address register always holds the location
of the instruction, ISTOP is used to stop the computer when it comes to
o selected location in the program. In this case the Instruction Location
lights and the Memory Address lights will both match the Left Switches

when the computer stops. ISTOP is useful for running full speed to a
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program trouble spot, at which point the user may wish to STEP Instruction
by ¥nstruction or Cycle by Cycle, or to EXAMine a register. Jf RESIME

is pressed the computer will continue normal Running until it again finds
a match between the Left Switches and the Memory Address register in the

I Cycle. '

XOCESTOP. The XOESTOP pushbutton will stop the computer at tl time when
there is an eddress match in the X, 0, or E cycles. When the computer
stops, the Memory Address lightswill match the Left Switches, and the
Cyclellights will display the cycle in which the match was found. The
XOESTUP is helpful in tracing the use made of a particular memory register.
If, for example, an index register is being incorrectly indexed, or an
instruction in the program is beivg improperly treasted es an operand,
XOESTOP together with the Left Switches makes it possible to check eve
reference the program makes to the register in guestion. XOESTOP will

not stop the cowmputer when a match is found during sn MIP or OFR instruction.

The STOP Lever

The lever marked STOF should generally be used when other stops (such
ag STEP, INSTR BY INSTR) are not effective. This lever not only stops
the computer, but also does certain presetting of computer control elemsnts.
Pushing STOP when the computer is Running will clear all other cousole
1 time. The
computer will STOP with the cycle lights cleared. The same iz true if

functions and interrupt the computer at the next I Cycle, ¢

STOF is pressed when the computer is Stopped in the X, 0, or E Cycles;

pressing STOP will cause the computer to Run, finish the curreunt iustruc-

tion, and then STOP at the next I Cycle, tl time with the Cycle lights

cleared. Moreover, STOP will interrupt the computer when the computer

is Paused, i.e. in an MTF or OFR instruction, without finishing the instruction.
Since most console actions cannot be carried out when the computer is Paused,

STOF is used to take the computer out of the Pause state and leave it in
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the STOP state, & state in which other congole actions are effective.
Since STOP interrupts 2 Paused computer without finishing the iustructiom,
it can algo be used sz a "panic" stop when the user does not want the
computer to continue with an MIP or OFR instruction. If, for example,

the user observes that the computer is about to write on the wrong biock
on the tape, or read a tape block into the wrong quarter of memory, STCP
can be uged in the hope that it will take effect before the trausfer takes
place.

Pressing STOP clears not only the RUN sand CYCLE lights, but also
the Memory Contents lights, as well as any console function including
ISTOP and XOESTOP. It also turns off the memory flip-flop (MEMEF), the
tape write gate (WOFF}, and stops eny tape motion.,

The DO TOG INSTR lever

DO TOG INSTR. The DO lever is used with the Left and Right Switches to
execute instructiomsmanuslly at the console. Ixecuting instructions &t
the console should not be confused with the seguential execubtion of stored
programmed instructions which the computer does, for example, when one

of the selective starts is used., The latter requires that instructions
be stored in the computer memory; however, when instructions are executed
at the console with the DO TOG INSTR lever, the computer reads the imstruc-
tion from the Left and Right toggle Switches. Pressing the DO TOG INSTR
lever clears all other console functions except ISTOP and XCOESTOP, and
interrupts any action the computer might have been carrying out. The com-
puter executes one instruction and STOPS. The instruction must be set

in the Left Switches. The Right Switches are used to hold the second word
of double register instructions; they are ignored during the execution of

single word instructions. When the DO TOG INSTR lever is pressed, the con-
tents of the Left Switches replace the contents of the Instruction and
Memory Contents registers {see Instruction Timing Diagrams, Cycle O},
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The Instruction is then executed exactly as though it had come from the
memory. The Tustruction Location register, however, is never indexed

under these circumstances; therefore ingtructions such as STA i with B = 0,
or SKP, have essentially no effect when executed in this wey. The instruc-
tion Location register is changed by Do Tog iInstr only when the instruction
in the Left Switches is a JMP X; the value X {the right 10 bits of the

Left Switches) will replace the contents of the Instruction Location register.

When the computer stops after DO TOG INSTR is used, the Memory Address
lights will be cleared, and the Memory Contents lights will display the
last operand read from or into the memory during the instruction. If the
memory is not used, these lights will be cleared. The Instruction lights
will displaey the ingtruction just executed, i.e. they will match the Left
Switches. The Accumulator will have been changed only if used by the
instruction, and the Imstruction Location lights will be unchanged {unless
the instruction is JMF). Normally, the Cycle lights will display the last
cycle of the instruction. If the instruction is MI'P, however, the Cycle
lights will be left set to the I Cycle. Generally a setting of the X, O,
or § Cycles as indicated in the Cycle lights shows that the current instruc-
tion has not been finished. After DO TG INSTR 13 used, however, the
Cycle lights display the last cycle executed. The DO TOG INSTR lever may
be pressed when the computer is Running or Stopped.

Slow Speed Operations

AUTO RESTART and DELAY. By meens of these controls, the LINC can be made

toc run at varisble speeds while it is executing stored programmed instruc-

tions, or it can be made to repeat certein console functions automatically.
The AUTO RESTART pushbutton is always used following some other caisole

action to restart the computer automatically whenever it stops. This gen-
erally has the effect of repeating the console function most recently executed.
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AUTO RESTART will be recognized eny time it is puehed, except when the
computer is stopped in the I Cycle of a HIT instruction. It in no way
interrupts a Running or Paused computer, nor does it clear any ccnsole
functions which may be active. It is itself cleared, however, by any
other console action, or by executing a EIUT instruction. Therefore, to
use AUTO RESTART, the computer must flrst be in the desired mode of opera-
tion before pushing the AUTO RESTART button.

The black rotary switch marked DELAY determines the length of time
before restart: the lower part of the switch has 4 discrete positionms;
the upper part is continuous. Together they provide a total range from
a few microseconds to 0.9 sec. Changing the setting on the DELAY switch
when AUTO RESTART is not lit has no effect.

When AUTO RESTART is pushed after EXAM, or after FILL (which reverts
to EXAM), the computer reexamines the register specified by the Left
Switches every time the AUTO RESTART DELAY period is over. The user
can change the setting of the Left Switches and examine different registers
without pushing EXAM sgain. When used after STEP-EXAM, or after FillL-STEF,
{which reverts to STEP-EXAM}, the computer will continue stepping the
Memory Address register and examining sequentially the contents of the
memory. With CLEAR, the computer will restart automatically every time

a memory failure causes it to SBtop.

When the computer is in CYCIE RBY CYCLE or INSTR BY INSTR, AUTO RESTART
effectively replaces the STEF lever (without clearing AUTO RESTART;,
restarting the computer after every stop at tl time when the DELAY period
is over. With ISTOP or XOESTOP, AUTO RESTART effectively replaces the
RESIME lever (without clearing AUTO RESTART). These applications of
AUTC RESTART are often useful in monltoring a program.
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After a DO TOG INSTR action, AUTO RESTART will usually cause the
computer to repeat the last cycle of the inmstruction, sometimes with
interesting effects. After STOP, AUTC RESTART will clear the Memory

Address register and examine register O in the Memory Conteuts register.

The Audio Control

The black rotary switch labeled AUDIC is used for aural monitoring
of a Running or Paused computer. Like the Delay switch, its lower part
has U+ discrete positions and its upper part is continuous. The gong which
rings at a HLT instruction or a CLEAR failure is active only when the
lower switch is in position 1. The Audio control in no way interacts
with the rest of the control console.

Interaction of Pushbuttons and levers

Some console actions can be made to work simultaneously with other
console actions, that is, without clearing one another. These are, namely,
STEP, CYCLE BY CYCLE, or INSTR BY INSTR whiclh can be held active during
START 20, START 400, START RS, or DO TOG INSTR. This, of course, makes ir
possible to atart a program in the Cycle by Cycle or Instruction by
Instruction mode, or to observe a Do Toggle Instruction action cycle by
cycle,

To start a program (START 20, START 400, or START RS) in one of the
STEP modes, first press the STEP lever. Next, before releasing the STEP
lever, push the deeired selective start button. The INSTR BY INSTR light
will come on and the Instruction Location lights will change to the uew
starting address. Release the STEP lever and the start pushbutton. The
computer will Indicate that it is Stopped in the T Cycle of the instruction
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at the starting location, in the INSTR BY INSTR mode. The user may now
STEP, one instruction at a time, or he may now push CYCLE BY CYCLE, and
then STEP one cycle at a time.

The same procedure may be used with the DO TOG INSIR lever. With
this lever, however, the user may push either STEP, CYCLE BY CYCLE, or
INSTR BY INSTR, befcre pressing DO TOG INSTR. Agein, the first button
{or lever) is not released until the DO TOG INSTR lever hes been pressed.
After both have been releaged the computer will indicate that it is Stopped
in the I Cycle of the toggle instruction. Either the INSTR BY INSTR or
CYCLE BY CYCLE light will be on. The user may now STEP through the instruc-
tion.

If the toggle instruction is executed CYCLE BY CYCLE, the computer
will stop at t, time at the beginning of each cycle (except MTP or OPR)}.
At the end of the instruction {after the last cycle has been executed)
the computer will bring the next instruction, indicated by the Imstruction
Location register, into the Instruction and Memory Contents registers, and
Stop at 1:.1 time of the I Cycle of that instruction. It will not stop
at the end of the toggle instruction as it does when the DO TOG INSTR
lever alone is pressed; it STEPS from the toggle instruction into the
next memory instruction., This is also true when the toggle instruction
is executed in the INSTR BY INSTR mode.

23 July 1963



MASSACHUSETTS INSTIXUTE OF TECHNOLOGY

Center Development Office
For Computer Technology in the Biomedical Sciences
292 Main Street, Cambridge 42, Massachusetts

To: LINC Users
From: M. A. Wilkes
Date: 3 September 1963

Re: Tape Generation

It seems that a faulty copy of the Tape Generation program was released
to some users. The bad copy generates 25710 data words per block iunstead
of 25610. Therefore, please check your binary copies of the MARK program
against the enclosed paper copy, and verify that location 165 coutains
T426. If it does not (the bad copies have 7425 at location 165}, your

tapes may well be bad. You may either generate all new tapes or you may

check your tapes by the following procedure:

1. CLEAR the memory.

2. FILL locations O, 377, 400, and 401 with T7777.

3 WRITE AND CHECK Quarter O onto some free tape block.

4 CLEAR the memory again.

5. READ AND CHECK into Quarter O the tape block Jjust written.
6

EXAM locations 0, 377, and 400. Xf O and 377 contain all ones, and
400 contains all zeros, your tape is all right. If all three loca~-

tions contain ones, your tape is bad.

If you find you have bad tapes, fix the MARK program, and then generate
and check a new tape. Move LAP3 and any other programs you have onto
the new tape. {(You can use the COPY Meta Command in LAP3 to do this,
although other LAP3 routines may give trouble if the LAP3 tape itself is
bad.} Then remark all bad tapes.
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You will notice that the enclesed paper copy of the MARK program includes
a tape WRI and RDC routine to be used after a tape has been marked.
You may wish to add these instructions to your copies of the MARK program.

Instructions for using both programs are also enclcsed.
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Tape Mark Program *

Memory
Location Contents Comment
Lo SET i 3 63
-1023 6754 Total number of Blocks incluﬂing extras
SET i 16 76
L b
Wl SET i L4 6l
10 10 Initiel BN, i.e. -10
SET i 7 67
6 6
50 SET 1 6 66
~10 7767
MSC 13 13 Write Gate On and MARKUP pulse
SET i 5 65
54 0 0 \
SAE 1 1460
‘ 0 0
XSK i 5 225 Front End Zone
50 JMP 55 6055
SAE i 1460
0 0
XK 1 6 226
6L JMP 53 6053 ‘/
SAE i 17 177
SAE 1 17 177
SAE i 17 177 T Marks
70 SAE i 17 477
SAE i 17 7T
SAE 16 1456 Forward Block Mark
SAE i 2 1k62 Guard Mark
Th IDA i 1020

« The SAE instructicn operates as a "MARK-TAPE instruction” during MARKing.
All other instructions operate a3 described in the LsNC ORDER CODE.
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Memory
Location Contents Comments
> =0 777 Offset
SAE i 11 1471
ADD ) 200k
100 SAE i 11 1471
CoM 17
SAE i 11 171
STC 6 4006
10h4 SAE i 11 1471
SRO 7 1507
ADD 5A 2217
SAE i 11 1471
110 SRO 7 1507
ADD 5B 2220
SAE i 11 1471
SRO 7 1507
11k ADD 5C 2221
SAE i 11 1471
SRO T 1507
ADD 5D 2202
120 SAE i 11 k71
SRO 7 1507
ADD SE 2223
SAE i 11 1471
124 SRO 7 1507
ADD 5F 222k
SAE 1 11 1471
SRO 7 1507
130 ADD 5G 2225
SAE i 11 1471
SRO 7 1507
ADD 5H 2206
134 SAE i 11 1471
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Memory
Location Contents Comments
135 SRO T 1507
ADD 5J 2227
SAE 1 11 71
140 SRO T 1507
ADD ©SK 2230
SAE i 11 71
SRO 7 1507
14 ADD 5L 2231
SAE i 11 471
SRO T 1507
ADD &M 2232
150 SAE i 11 1471
SAE i 11 1471
SAE 1 11 1471
STC 6 Loo6
154 SAE i 11 1471
ADD 4 200k
SAE 1 11 1471
ADA 1 1120
160 -1 7776
SAE i 11 1471
STC L LoOok
SAE i 11 1471
164 SET 1 5 65
-351 Th26
SAE i 11 1471
XK i 5 225
170 JMP 166 6166
SAE i 13 1473 Final Data Mark
SAE i 1 1461 Check Sum Mark
SAE i 2 1462 Guard Mark
174 SAE T 14h7 Backward Block Mark
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Memory
Location Contents Comments
175 SAE i 17 1477 i Mark
XK i 3 223
JMP 66 6066
200 SAE i 1460
o) 0
SET i 6 66
=10 7767
20k SET i 5 65
0 0
SAE i 1460
0 0 Back End Zone
210 XSK 1 5 225
JMP 206 6206 [
SAE i 1460 \
0 0
214 XSK i 6 226
JMP 20k 620k
HLT 0 Clear MARKFF
#54 10 10
220 #B L I
i#5C
#5D
{5E 200 200
o2k #5F 100 100
#5G¢ k4o 40
5 20 20
#53 4000 4000
230 #5K 2000 2000
#5L 1000 1000
232 #5M 400 400
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Tape Write and Check Routine

Memory
Location Contents Comments
300 LDA i 1020
3/0 3000
STA 1040
313 313
30h STC 32k 430k
SET i 1 61 N\
1377 1377 )
STA 1 1 1061 Clear Quarter 3
310 XsK 1 201 (
JMP 307 6307
WRI i u 736
[3/0] ~
31k LDA i 1020
1 1
ADM 1140 WRI zeros in every Block
313 313
320 SAR i 1460 |
000 4000 )'
JMP 312 6312
RDC i u 730
32l [3/0] A
ADD 315 2315
ADM 1140
324 324 RDC every Block
330 SAE i 1460
4000 4000
JMP 323 6323
MIB i u 733 |
33h 0 0 }kég;:,tgxgrdm‘ :?lOCK 0 to rewind the
335 HLT 0




